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P A R T  I .
HISTORICAL INTRODUCTION.
The subject of the viscosity of the blood is of 
comparatively recent development. The experimental 
study of viscosities commenced with the work of 
Poiseuille on hydrodynamics in 1839. Prior to this 
date and indeed as far bach as classical times we find 
many clinical references to "the thickness of blood”, 
changes in which, appear to have impressed many early 
observers, thus, Ambrose Pare, the famous surgeon, 
commenting on asphyxia, observes that blood flowing 
from the wounds of the asphyxiated, is exceedingly 
"thick”.
Mangetus gives a number of preparations, many of 
peculiar composition, which are supposed to render the 
blood more "watery".
C. 1839. Poiseuille. So far as the viscosity of the
blood is concerned, Poiseuille’ 
contribution consists of the 
formulation of the fundamental laws regarding the flows 
of fluid from a tube. The law referred to may be
stated as follows
■
(1) The amount of outflow is proportional to the 
head of pressure,
(2) The time for outflow of a constant volume at 
c ons tant/
2
constant pressure is directly proportional to the 
length of a tube of constant diameter.
(3) Bor a constant pressure the time for outflow
of constant volume per tubes of constant length is
inversely proportional to the fourth power of the 
diameter. Or, if A is volume outflow per second,
T  r Zs radius and length of the tube, ft the pressure,
and X  the constant
only for fluids in which there is orderly flow.
Poiseuille introduced a viscosimeter in which the 
liquid escapes from a reservoir through a horizontal 
capillary. The viscosity is obtained through the time 
taken to empty the reservoir.
Poiseuille himself carried out no essential in­
vestigations on the viscosity of the blood.
1860 Jacobson is responsible for most of the early
work on the experimental confirmation
-1 of Poiseuille’s Law.
1871 Duncan and Gamgee find that the viscosity of
blood is 4 to 6 times greater than water
defibrinated blood possesses a lower viscosity than 
unclotted blood.
It is important to note that Poiseuille’s law holds
and are the first to discover that
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1876 Haro is one of the first investigators to
determine the viscosity of blood, which he 
finds to be in the case of man, about 4 
times that of water. The viscosimeter used by this 
investigator was of the Poiseuille type.
1877 Ewald measures the viscosity of blood by an
instrument of the Poiseuille type and find£ 
it to be 4 to B times that of water. He 
also notes that a mixture of blood and water is less 
viscous than blood.
1896 Nicolls again working with a modification of the;
Poiseuille instrument so constructed as to 
be insertable into a large artery, determ­
ines the viscosity of blood, to be about 4 times that 
of water. His researches principally concern oxalated 
blood.
1897 Levy states that the viscosity of blood is &|-
times that of distilled water. His observa­
tions are carried out on defibrinated blood 
This may account for the low figure which he obtained.
1900 Hurtle and Burton-Opitz introduces a new method 
for investigating viscosities, known as 
Hurtle’s method. This consists in measuring 
the quantity of blood which flows per unit of time from 
a/
a capillary of known diameter inserted into a vessel.
It has the great advantage of dealing with uncoagulated 
"blood to xvhich no anticoagulin has been added. In ordei 
that the pressure under which the flow takes place shall 
be known, the blood-pressure of the animal requires to 
be determined.
By means of this method the earlier results of 
Levy, Ewald and other workers are, in' general, confirms« 
and it is found that oxalated or defibrinated blood has 
a lower viscosity than blood in the vessels.
1901 Hirsch and Beck are the first observers to use
a method devised by Ostwald in 
which the blood is allowed to 
flow under gravity through a narrow capillary and the 
velocity of flow measured.
The viscosity of human blood they find to be 5 
times that of water.
1902. The first investigations of Burton-Opitz on the 
relative viscosities of blood of different 
animals, show that the blood of the turtle and 
the frog have considerably less viscosity than the 
blood of mammalia.
1904. Using Hurtle’s method Burton^Opitz shows that 
the effect of alcohol given intravenously or 
into the stomach raises the viscosity of blood 
as much as 20$.
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1904 Muller demonstrates for the first time that the
administration of Iodides lowers the 
viscosity of the blood. Great clinical 
significance has been attached to this finding.
1905 Burton-Opitz demonstrates that during narcosis
with ether, chloroform or morphia, the 
viscosity of the blood does not alter 
significantly. This is an important finding for it 
allows many experiments to be done under anaesthesia 
without fallacies appearing in the results.
1905 Bence in his investigations on the effect of 
variation of the gaseous content of the 
blood, observes that C02 administration 
greatly increases the viscosity of blood. This effect 
is due to a change in the red-cells for the viscosity 
of serum is unaltered by C0a saturation. Similarly 
0j, given to a dyspnoeic animal lessens the viscosity 
of the blood and may render it normal again.
1905 A remarkable claim is put forward by Faro and 
Rossi who state that the thyroids and para­
thyroids furnish an internal secretion which 
regulates the viscosity of the blood. This claim has 
been adversely criticised by many observers and the 
results of their experiments have not been confirmed.
1 9 0 6 /
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the effect of hot and cold baths 
on the viscosity of the blood in 
man. Hot baths 43°C decrease the viscosity about 19$ 
while cold baths increase the viscosity by about the 
same amount. Burton-Opitz points out that these changes 
have a relation to an alteration in the specific gravity 
which -takes place in the blood, in hot and cold baths 
respectively. Hot-air baths act in the opposite way 
to hot-water baths. The former increase the viscosity 
and the specific gravity, whereas the latter decrease 
the viscosity and specific gravity.
1906 Burton_0pitz finds that hyperglycaemia induced
by injection of glucose increases 
both viscosity and specific gravity
1906 Burton-Opitz finds that in anaemia from haemor­
rhage the viscosity falls, sometime^ 
as much as 90$ or 30$, depending on 
amount of blood withdrawn. This is due to the diminish], 
ed cell-content. It is interesting to observe that 
phenyl-hydrazine which also produces anaemia does not 
lower the viscosity. This, however, Burton-Opitz shows 
is due to the fact that large and irregular cells take 
the place of the normal erythrocytes.
1907 Heubner writes a critique of the different methods
of estimating viscosity and criticises 
the /
1 9 0 6 .  B u r t o n - O p i t z  w o r k i n g  b y  H u r t l e ’ s  m e t h o d ,  o b s e r v e d
the applications of Poiseuille's law to non_rigid tubes 
such as the canillaries in an animal. He concludes that 
the viscosity effects which occur in blood circulating 
through the capillaries bear no direct relation to the 
viscosity effects observed experimentally in vitro.
.
1907 Du Bois Reymond, Brodie and Muller by perfusing 
living organs show that Heubner's objections are 
invalid and that Poiseuille's law applies in vivo 
as in vitro.
1908 Burton_0pitz investigating the effects of CO^ 
confirms Bence’s observations (vide supra) and 
also shows that the viscosity of venous blood is 
slightly greater than arterial.
1908 Burton_0pitz arrives at the conclusion that the 
viscosity of blood depends entirely on the red­
cell content, increasing as the red-cell content 
increases.
1908 Dettermann introduces his viscosimeter which 
consists of a capillary with bulbs at each end 
and which can be inverted. The time taken for 
the blood to flow between two marks on the canillary
measures the viscosity. The instrument is calibrated
'with water. Dettermann contradicts Burton-Opitz's 
statement that the viscosity of blood laked by freezing 
and thawing is less than that of normal blood (1908) 
Burton /
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Burton_Opitz in his turn attributes Dettermann’s resultB 
to incomplete freezing but in a later paper (1908) 
attributes the difference between the two findings, to 
the presence or absence of the envelopes of the laked 
cells. If these are present the viscosity is increased. 
If they are centrifuged off as in Burton-Opitz* s orig­
inal investigations, the viscosity is decreased.
1920 Hess introduces his modification of the Couette 
method. This method depends upon the 
velocity of rotation of coaxial cylinders 
separated by the fluid whose viscosity is to be de­
termined. The principle was first considered by Saint- 
Venant in 1847 and by Stokes in 1845 and elaborated by 
Boussinesq and by Margoules in 1873 and 1881 respect­
ively. A practical method was devised by Couette in 
1890 and a very much perfected instrument by de Nouy 
in 1923. A description of the instrument will be found 
in the section on method, so far attention has been 
principally directed to the perfection of the apparatus 
and the results of many of its possible applications are 
not yet forthcoming.
_Besides the above, there are many references of a 
purely incidental nature, to the viscosity of blood.
None of these are of first importance and have therefore 
been omitted. For example in the recent papers on 
sedimentation the viscosity of the blood or other fluids 
is referred to as an important factor (Ponder 1926).
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It is of importance to correlate if possible, the 
investigations on the viscosity of blood, with invest­
igations on the viscosity of emulsoids and suspensoids, 
since blood contains emulsoid systems and is when taken 
as a whole a suspensoid system.
Most of the physical observations have been made 
since 1905. For suspensoids the results of viscosity 
determinations vary greatly, being dependent principally 
on the volume of the suspended phase. The viscosity 
of dilute suspensoids has been studied by an enormous 
number of observers commencing with Friedlander and 
including Botazzi and Ostwald. The general result of 
these investigations is:_
(1) That very dilute suspensoids, e.g. glycogen 
solutions or silver sols possess viscosities scarcely 
different from that of water.
(2) That as the concentration of suspensoid phase 
increases, the viscosity increases as a linear function 
until a certain critical point.
(3) That after the critical point, increase of 
concentration is accompanied by an enormous increase 
of viscosity.
For emulsoids the investigations are much more 
numerous, and include work on gelatin, albumins, gums, 
rubbers, soap, serum, proteins, (especially H. Chick) 
and organic dyes. The principal conclusions may be 
summarised/
(1) Emulsoids are unstable, giving an increase of 
viscosity with the passage of time.
(2) The viscosity of emulsoids is greatly altered 
by mechanical treatment. If they are shaken or passed 
through a capillary several times the viscosity decreases
(3) As the concentration of emulsoid decreases the 
viscosity increases enormously and usually becomes quit« 
unmeasurable at quite low concentrations, e.g. 2$ to 3
(4) Added substances such as salts, acids or alkalies 
alter the viscosity of many emulsoids to a very great 
extent. Most of the changes produced by added sub­
stances have hitherto defied analysis.
Regarding the mathematical theory of the viscosity 
relations in emulsoids and suspensoids little work has 
been done.
1906 Einstein deduces the formula
'fj, = yQ ( 1 + 2.2 j) where y0 is viscosity of 
dispersion medium, y t , viscosity of the suspension and 
^ is the ratio of volume of solid phase to total volumq.
1910 Bancelin finds an excellent agreement between
theory and experimental results, using 
Einstein’s formula, for gamboge particle
1910 Hatschek deduces a formula very similar to that
of Einstein, but containing the factor
4.6 | instead of .
s u m m a r i s e d  a s  f o l l o w s : »
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Smoluchowsky has criticised the derivation of 
these formulae very unfavourably. Hatschek has however 
obtained remarkable agreement between theory and experi­
ment by the use of an instrument of the Oouette type.
1911 Hatschek deduces the formula
where , is viscosity of system
viscosity of the continuous phase 
/\ ratio of total volume to volume of 
disperse phase.
This equation fits the experimental results for glycogen, 
casein, and serum proteins quite well, but Smoluchowski 
considers it very unsatisfactory from a theoretical 
standpoint.
1916 Arrhenius shows by a large number of examples
that the empirical formula -
9C expresses the viscosity of 
emulsoids with great accuracy. Q  is a constant and 
C is the "molecular concentration". This is found by 
making simplifying assumptions regarding the size of 
the molecules.
1921 Von Smoluchowski investigates the effect of
electric charge on disperse phase.
Such charge may affect the viscosity 
but experimentally the effect is negligible.
Considering the many similarities which exist 
between blood and simpler colloidal systems as regards 
their viscosity, it seems reasonable to approach the 
problem of the factors underlying viscosity of blood 
in a manner similar to that which would be used in 
investigating the viscosity of any other colloidal 
sys tern.
As already observed, blood resembles a simple 
colloidal system in that its viscosity depends
(1) largely on the volume of the disperse phase, 
Burton-Opitz 1908-1906.
(2) On the presence or absence of substances which 
raise viscosity in the continuous phase.
Dettermann 1908.
(3) In that Einstein’s and Hatschek’s equations are 
applicable. Murray-Lyon M.D. Thesis.
(4) In that viscosity falls with rise in temperature 
and in many other ways which will be shown in the 
experimental section below.
No satisfactory attempt has been made hitherto, 
to explain all the known variations of blood on physica. 
principles and such indeed has probably been impossible 
until the present time, when perfected experimental 
methods and reliable data regarding simple systems render 
the attempt, at least a feasible one.
P A R T I I .
THEORETICAL CONSIDERATION
Before approaching the experimental part of the 
subject it is necessary that we should be quite clear 
regarding the factors which influence viscosity in 
systems Containing a number of phases. We shall con­
sider a number of simple cases.
CASE I. Consider three molecules a, b, c in a
fluid. If a flow 
of such a nature as ^
to move the molecule
x
a, with respect to 
the molecules b, and ^ £
c, is set up, work 
will require to be
done in order to overcome the force which 
holds the molecule a, to the molecule b.
The nature of this force is scarcely well
known at present but is usually termed an 
"intermolecular attraction”. When a is 
drawn out of the range of attraction of b 
it may then enter the range of attraction 
of c when it will fly towards c . The 
work done by overcoming the attraction 
between a and b manifests itself prin­
cipally/
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principally as heat, and since the amount of 
displacement of the molecules is a function 
of the force applied, the results in 
the form of flow, produced by the application 
of this force must also be related to the 
"intermolecular attractions" and so we have 
the relation of the applied force to the 
manifested results, giving rise to what we 
call a viscosity, or, to put it in simple 
terms, the viscosity is the resistance of the 
fluid to deformation or strain. It is re­
lated from a certain point of view to elastic, 
ity.
OASE II. Consider a fluid containing a rigid disperse 
phase, e.g. a kaolin suspension and compare 
this with the case of the fluid without the 
disperse phase. In this suspension, when we 
apply force to the entire system a distortion 
cannot occur in the rigid phase. A greater 
amount of distortion must therefore be pro­
duced in the continuous phase if we are to 
get the same result in terms of flow, hence 
either we must apply a greater force in order 
to get the same flow as in a pure liquid or 
else for the same force we get a lesser flow. 
That is, the presence of the disperse phase 





III. If instead of the conditions in Oase II we 
have a disperse phase which is partially 
rigid, its presence will obviously and for 
the same reasons, increase the viscosity of 
the whole system, for, if the applied force 
is able to produce only a very small deforma., 
tion in the disperse phase, a great deforma­
tion must occur in the continuous phase whicl 
is equivalent to the appearance of a greater 
viscosity in the system.
An excellent example of this occurs in 
the case of a suspension of oil-droplets in 
water. The oil is much less deformable than 
is the water. The result is that if a flow 
is to be produced, the water must undergo a 
greater deformation than if the oil were not 
present. This gives a viscosity for the 
suspension, higher than that of water.
IV. If the disperse phase is more distortable 
than the continuous phase, distortion will 
occur in it and therefore to a less extent 
than in the continuous phase. The net resul[t
*
will be that the mixture will show a lower 
viscosity than that of the continuous phase 
alone. We find an example of this in a 
suspension of ether droplets in water. The 
viscosity/
viscosity of the ether is small and therefore 
the viscosity of the whole system is small.
Imagine now a system in which is a disperse 
phase of viscosity y, , separated by thin 
envelopes of viscosity yk and dispersed 
through a continuous phase, again of vis­
cosity y, . Plainly from the foregoing 
any increase or decrease 
in the viscosity of the 
whole system compared y, '^7*
with the viscosity of 
the continuous phase
will be a measure of the viscosity of the 
envelopes . If the envelopes are not 
fluid but solid, their viscosity will not 
be measured but the corresponding property 
applicable to solids, i.e. deformability 
will be measured instead, in terms of a 
viscosity. A good case of this rare system 
is the case of air_bubble in air, each 
bubble surrounded by a thin layer of soap- 
solution yx which differs from the air 
which is both inside and outside the invest­
ing envelope. Here the viscosity of the 




greater by an amount which corresponds to 
the deformability of the investing membrane.
OASE VI. This is the case of red blood-cells in salini 
suspension and is very like the preceding 
case, except that now-the fluids on the 
inside and the outside of the cell envelope 
are not of the same deformability. Now two 
factors increase the viscosity of this system 
above that of saline.
(1) The deformability y, of the fluid in­
side the cells, which is greater than 
that of the saline yx .
(2) The resistance to deformation of the 
envelopes, which measured as a viscosity 
y^ is even greater than y, .
It therefore follows that the viscosity of 
a suspension of red cells is determined by:-
(1) the def ormability of the external mediuji, 
saline or serum.
(2) the deformability of the corpuscular 
contents.
(3) the resistance to deformation on the 
part of the envelope.
We may now proceed to tabulate the factors which 
we would expect on theoretical grounds to play a part 
in the production of a viscosity in a complex system 
such as a suspension of red-cells in saline.
(1) The viscosity of the continuous phase, e.g. 
plasma, serum or saline.
This,it is to be noted,constitutes a system 
in itself, for it too has a continuous phase 
of water and salts and a disperse phase of 
albumins, globulins, fibrinogen, and other 
colloidal substances.
(2) The viscosity of the corpuscular contents 
which again constitute a complex system with 
haemoglobin as a disperse phase.
(3) The resistance to deformability of the 
cell envelopes.
(4) The volume of the corpuscular phase.
It will be quite obvious from the considera­
tion of all the cases which we have con­
sidered that this is a most important factor, 
for, as the viscosity is dependent on deform- 
ability of the respective phases, an increase 
in the volume of any one phase will obviously
I
produce a greater viscosity in the whole 
system,
(5) Since it is the resistance to deformation 
which is responsible for the appearance of a 
viscosity, it will be clear that any factor 
which makes the corpuscular phase more 
readily deformable will have an effect on 
the viscosity of the whole system.
One /
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One of these factors is, of course, that 
mentioned under (3 ) but another equally 
important is the shape of the envelopes and 
the enclosed content. This may be shown in 
the following way. When a flow is set up 
in a suspension of cells, the cells orientate 
themselves broadside on to the flow. They 
do this because this is the position of 
greatest stability and it is well known on 
hydro-dynamical principles that it is also 
the position of greatest resistance. An 
applied force of such a nature as to cause 
a flow will therefore be resisted by this 
position of the cells to a greater extent 
than by the cells in any other position, and 
this will have its effect on the viscosity 
of the entire»system. This viscosity will 
be higher than that which would result were 
the cells arranged haphazard or if the cells 
were in a spherical form.
A special case of the preceding (5) is 
where the cells are not single but in 
aggregates or rouleaux. Here again the 
arrangement of the cells in the stream will 
affect the viscosity of the system although 
the effect is a very complex one. It will 
be alluded to again in the experimental 
section. /
so.
section. In general it must lessen the 
viscosity, if for no other reason than that 
if the cells are in large aggregates they 
must at least be clear of the periphery of 
the flowing stream.
Von Smoluchowski has shown that there is in 
theory at least an effect on viscosity due 
to the electric charge. Such charges con­
stitute additional forces, to overcome which 
additional work must be done. He has however 
shown that the effect of these charges, un­
less very great, is negligible compared to 
the other forces involved.
P A R T I I I .
21.







In considering method we shall deal only with 
those methods which are applicable to blood, serum and 
suspensions of red_cells and only with those methods 
which have some claims to be considered accurate.
(l) The Ostwald Method. This consists of a U tube,
one of the limbs being narrow., 
ed down to a fine capillary 
from . R to 5 mm. in diameter. At the upper end of the 
capillary is a bulb of small capacity, about .5 to 1 cc 
capacity. Above the bulb the capillary is continued 
and opens to the air. A few mm. above and below the 
bulb, the capillary is etched with a mark. The other 
limb is wide and has at its lower end near the U a 
bulb of about 3 to 5 cc. capacity. It is convenient to 
attach a tube with a mouthpiece to the wide limb.
The whole instrument is attached to a metal support, 
kept/
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kept perfectly vertical by means of a hanging weight and 
is immersed almost completely in a thermostat at any 
required temperature. The instrument is first calibr­
ated with pure distilled water. The water is intro­
duced into the bulb on the wide limb and by blowing 
through the mouthpiece is forced up the narrow limb, 
filling its bulb and into the capillary above the bulb. 
The purposee of this is to wet the apparatus thoroughly, 
The pressure may now be released, when the fluid falls 
in the capillary limb. When it has attained the 
temperature of the thermostat it is once more forced 
up to above the upper mark in the capillary limb.
The pressure is now released and the time taken for 
the upper meniscus of the column to pass between the 
two marks is noted. Six determinations should be made. 
These should not differ by more than + or - 1%.
E.g. we found with one of our instruments, the follow­







Mean 4 5 . 2  s e c s .
H e r e  /
2 3 .
Her© a very important point should be observed.
If the viscosity of the fluids to be examined is low, 
an instrument giving as great an outflow time as possible 
should be used, e.g. one with a capillary bore of .5 mm, 
If on the other hand we are to work with whole blood 
where the viscosity is high , it is advisable to use an 
instrument giving a short outflow time for water, e.g.
20 secs.
If we use, for blood, an instrument with an out­
flow time of more than 30 secs, the outflow time for 
blood becomes very long. The question no?/ arises as to 
whether the viscosity of a fluid as compared with that 
of water differs according to the bore of the capillary 
used.
The following experiments show that it does not.
Instrument I.
Bore about .5 ram.
Outflow time for water 45 secs.
Outflow time for blood 24-3 secs.
«►




Bore about 1 mm.
Outflow time for water 27 secs. 
Outflow/
2 4 .
Outflow time for blood 138 secs, 




Bore about 3 mm.
Outflow time for water 12 secs.
Outflow time for blood 61 secs.
Relative viscosity = iLL12
= 5.08 
^  = .0457
Instrument IV.
Bore about 5 mm.
Outflow time for water 7 secs.
Outflow time for blood 34 secs.
Relative viscosity ^
= 4.857
y  = .0437
The blood used in these experiments was defibrin» 
ated ox blood. It will be seen that the viscosity as 
measured by instruments showing a ten»fold variation of 
capillary bore is constant at the figure of five.
The absolute viscosity is found by multiplying the 




The Ostwald Method possesses several very marked 
advantages and disadvantages.
Advantages.
(1) It is, of all viscosimeters except possibly 
the Gouette type, as modified by de Nouy , the most 
accurate. The errors arising in its use should not 
amount to more than 4 or _ 3$.
(2) The calibration is very simple. All that is 
required is to take the outflow time for distilled water. 
This calibration being so simple can be repeated from 
time to time as a check.
(3) The instrument being inexpensive, it is pos­
sible to possess a wide range of varying bore, for use 
with fluids of widely varying viscosity.
(4) The results are characterised by a remarkable 
constancy owing to the fact that the driving force is 
gravity acting in the vertical plane.
(5) The method requires only small quantities of 
blood,.1 co. to 2 cc. being sufficient.
Disadvantages.
(l) It is necessary to use blood to which an anti­
coagulant has been added. This is a disadvantage which 
cannot be overcome, for, if anticoagulant is absent, 
the blood will clot in the capillary.
Burton-Opitz and others have objected to the use
of/
t h i s  v a l u e  5 .
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of anticoagulants on the ground that they tend to lower 
viscosity. This particular disadvantage of the Ostwald
method, is of importance only, in the investigation of
*
changes which arise in vivo.
When purely in vitro investigations are carried out, 
the objection is much less serious. The difficulty 
cannot be overcome by the use of defibrinatèd blood, for 
the viscosity of this, as Burton-Opitz has shown, is 
much less than that of fresh blood. This is only what 
might be expected, for defibrination removes fibrinogen, 
an important protein component of the blood.
(2) The method is liable to error because of lack
of attention to certain small details. The most import­
ant of these are:-
(a) The failure to keep the instrument 
perfectly vertical.
(b) The presence of grease in the capillary.
(c) The presence of froth at either meniscus.
Grease is best removed by washing with alcoholic KOH , 
then with HNO, and finally by blowing steam through the 
instrument. The apparatus should then be dried in a 
hot-air oven in order to prevent small quantities of 
water, from diluting the material to be measured.
(3) The necessity of blowing the fluid up the
capillary involves the creation of a new surface in the
'fluid. Gokun and Biltz have shown that in ̂ the case 
of emulsoids, even the passage through a capillary 
gives /
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gives rise to changes of viscosity. This they attribute 
to the fluids, possessing a certain "structure''. The 
differences however are not very marked.
Various modifications of the Ostwald apparatus 
have been devised. For the most part they are distin­
guished by alterations in unimportant detail.
The use of a small viscosimeter, based on the 
Ostwald principle, has been suggested for clinical work, 
It consists of a small funnel from which there leads a 
capillary into a U tube. Blood is dropped from the 
ear or finger into the funnel and the time taken for it 
to flow through the capillary, measured. The instrument 
is calibrated with water, but the calibration is fal­
lacious, because it is much easier to fill the funnel 
with water than with blood.
2. Dettermann’s Method. The Dettermann instrument
introduced in 1908 consists 
of two bulbs separated by a 
long straight capillary. The instrument is enclosed in 
a water-jacket made of glass, from the ends of which, 
tubes leading into the bulbs, project.
The instrument complete with water-jacket, rotates 
about its middle point in a vertical plane. The capil­
lary bears two marks, equidistant from the ends of the 
capillary.
To use the instrument the water-jacket is filled 
with /
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with water at the desired, temperature. Water is then 
introduced into the lower bulb, the instrument rapidly 
inverted and the time taken for the meniscus to pass 
between the marks measured. This is the outflow time.
To measure the viscosity of blood or any other 
fluid, the fluid or blood is placed within the bulb and 
the outflow time measured as in the case of water. The 
ratio of the outflow time for water gives the relative 
viscosity as in the case of the Ostwald instrument.
The apparatus must be used with defibrinated blood or 
blood containing an anticoagulant. Murray-Lyon in 
his researches employed this apparatus and used blood 
which contained Hirudin. He states that this substance 
,| does not alter the viscosity but in this statement is 
not in agreement with Burton_Opitz.
From its construction it will be clear that the 
Dettermann instrument possesses more disadvantages than 
does the Ostwald and at the same time has few advantages. 
The small water»jacket is unsatisfactory, the rotation 
of the instrument causes forces more complex than in 
the case of the Oatwald, to act on the column of blood, 
and, most important of all, the instrument is very 
difficult to clean. There is no compensating advantage 
for preferring this apparatus to the much simpler 
Ostwald viscosimeter.
( 3 ) /
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(3) The Couette Viscosimeter. This method is based
on the investigations 
of Saint-Venant,Stokes 
Margoules and Oouette. In principle it depends on the 
fact that two concentric cylinders separated by a layer 
of blood have motion imparted from one to the other
»■
according to the greater or lesser viscosity of the 
blood separating them.
The apparatus as improved by Hatschek and by de 
Nouy consists of a small metal cylinder, rotating abou 
a vertical axis. The speed of rotation is constant an 
the drive is supplied by a constant speed electric moto 
Within this cylinder which may be about a centimetre in 
radius, hang^a second cylinder with a radius of about
1.6 mm. This second cylinder is usually solid and 
tapered to a conical point at its lower end. It hangs 
on a fine suspension which may be made of phosphor- 
bronze or of steel according to the strength required. 
On the suspension is mounted a mirror and at the upper 
end an adjusting screw. The mirror reflects a beam of 
light onto a scale divided into degrees. The whole 
apparatus is contained either within an air thermostat 
or within an oil-bath at 37°C. The blood is introduced 
into the space between the two concentric cylinders 
until it covers the inner cylinder to a certain marked 






movement of the inner cylinder measured in degrees of 
arc.  ̂ The inner cylinder tends to rotate with the outer 
cylinder owing to the fact that at neither boundary doesp 
the fluid slip, the boundaries being thus fixed with 
respect to the portions of fluid very near to them.
Any deformation which occurs must occur in the fluid 
itself. This deformation is a viscosity and the greateh 
the deformation the less will be the movement of the 
two clyinders \tfith respect to one another.
In the case of blood the suspension must be a 
heavy one, preferably of flat steel ribbon. The blood 
is run from the vessel of the animal through a paraffined 
canula into the cup which may contain hirudin or oxalate. 
Alternatively defibrinated blood may be used.
The instrument is calibrated with distilled water, 
the deflection corresponding to the fluid being found 
at a known speed of rotation. The viscosity of the 
blood is then,
scale reading for blood = yiL 
scale reading for water
yjj = viscosity of blood in units
relative to which is viscosity 
of water.
The advantages of the Couette viscosimeter are 
several. Measurements can be taken without continual 
creation of new surface in the blood and thus one of 
the/
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the errors attached to the use of the Ostwald instrument 
is done away with. The apparatus, once calibrated, is 
very easy to work ahd has the distinct advantage, that 
by varying the speed of motion of the external cylinder 
the same instrument can be used for fluids of widely 
varying viscosity. The apparatus on the other hand is 
associated with certain disadvantages.
The principal of these, is that even when defibrin,, 
ated blood is used there is a tendency for the blood to 
separate into concentric layers. Although de Nouy 
and others regard the method as very accurate for the 
determination of the viscosity of certain colloidal 
solutions they do not recommend its use in its present 
form at least, in the case of blood.
(4) Hurtle’s Method. is the method by which Burton-
Opitz has carried out all his 
investigations. It is the only 
method in which an attempt is made to measure the 
viscosity of the blood in the living animal.
A canula is inserted into one carotid artery and 
this is attached to a capillary tube about 10 to 12 cm. 
long and of known diameter. This tube delivers the 
blood which flows through it into a tilting recorder 
which records the delivery of .5 cc. of blood at a time,
Burton-Opitz uses the tilting recorder to work an
electric signal writing on a drum. From the length 
and/
and diameter of the capillary and from the outflow time 
the viscosity of the blood is calculated by means of 
Poiseuille’s law. In order that the pressire at which 
the fluid is delivered shall be known, a canula attached 
to a manometer is inserted into the other carotid artery
From its very nature this method can dispense with 
the use of all anticoagulants. The temperature at which 
the viscosity is measured is 37°0. as this is the temper 
ature of the blood as it leaves the animals vessels.
As a precaution against change of temperature Burton- 
Opitz surrounds the canula by a small water-jacket.
The variations of pressure due to the beat of the heart 
are so small as to exert no effect and providing that 
clotting does not occur in the capillary or the canula, 
readings can be taken again and again.
The one disadvantage of the method is, that owing 
to the haemorrhage which must accompany its use, the 
blood-pressure is continually falling. It is difficult 
to use except in animals under anaesthesia and is said 
to be very liable to errors due to the formation of 
small clots which are only with difficulty detected.
The apparatus is obviously quite useless for in vitro 
experiments and thus cannot be used with any degree of 
accuracy for experiments which are chiefly concerned 
with the physical factors determining viscosity.
3 2 .
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(5) Hess's Method. This method is a modification of
the methods whereby viscosity is 
measured in terms of the time 
taken for a fluid to flow through a capillary tube.
The apparatus consists of two capillary tubes of equal 
bore lying parallel, the one dipping into a cup of water 
and the second dipping into a cup containing the blood. 
By means of a rubber bulb communicating with both tubes , 
the blood and water are sucked up simultaneously, the 
difference of rate being observed on a scale attached 
to the tubes.
This method has no particular advantage. Anti­
coagulants are necessary and the instrument has the 
actual disadvantage that it is very clumsy.
In view of the facts that:-
(1) The Couette instrument has not been
much used for the viscosity of blood.
(2) That Hurtle's method is suited to
experimental animals only.
(S) That the methods of Hess and Dettermann
possess no advantage over Ostwald's 
method,
we have selected this method for use in our investiga­
tions.
Of all methods it is the simplest, the most direct 
and the least liable to error in the case of blood and 
suspensions of blood-cells.
P A R T  IV.
34.
PART IV. 
E X P E R I M E N T A L .
Section I.
Ae indicated in Part II this section deals 
with the first of the factors which influence the 
viscosity of blood, viz. the viscosity of the continuou^ 
phase which is plasma in the case of circulating blood, 
serum in the case of defibrinated blood and .usually, 
saline in the case of a cell suspension.
The observations on the viscosity of serum and 
plasma are not very numerous, partly because the sub­
ject is of comparatively little interest when separated 
from the greater subject of the viscosity of the blood. 
The principal authorities are Josue and Pasteurier who 
give observations on the viscosity of the serum and 
plasma of many animals and who find that in the mammalik 
at least, the differences in the viscosity of serum and 
plasma between the members of different species, are 
comparatively small.
We have investigated the following points.
(A) Viscosity of normal oxalated plasma.
* Oxalated plasma is as nearly representative 
of the plasma in the blood-stream as it is possible to 
obtain/
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obtain provided that the amount of added oxalate is 
small.
Determinations of the viscosity of such plasma 








































The specimens examined, five in number, in most 
cases were obtained from animals used in the Department
of Bacteriology. All the animals, were, as far as
'
could be ascertained, normal. Small quantities of blooii 
(about F5 cc. ) were withdrawn into small flasks contain- 
ing 5 mgm. of potassium oxalate, in a state of fine 
powder and the plasma separated off by centrifugalisa- 
tion for 10 minutes at 2000 revs, per min. The measure­
ments were all carried out at 2F5°0., the viscosity for 
j water at this temperature being 0.0009.
It will be seen from the results that the differ- 
; ences between the viscosities of the plasma of different 
mammals are not very great. In no case is the viscos­
ity/
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viscosity of the plasma greater than 1 - 7  times that 
of water. Since viscosity of "blood is as a rule more 
than 4 times that of water the viscosity of the plasma 
is obviously a matter of minor Importance.
It will he understood that the figures given above 
are values of ^  in absolute units.
(B) The viscosity of serum.
Proceeding in a similar manner to the in­
vestigation of the viscosity of plasma we have measured! 
the viscosity of the serum of the same series of animals 
The blood was drawn into a test-tube and allowed 
to clot. The clot was then "wrung" and allowed to stamjl 
over-night in the ice-chest at 0°0. The supernatant 










































In some oases the blood was drawn into a small 
flask containing glass_beads. The flask was rapidly 
agitated for a period of 15 minutes and allowed to 
stand overnight. The serum was then separated off by 
centrifugalisation for 10 mins. at 200 revs, per min.
In all the oases the viscosity of the serum was 
noted to be about 10$ less than that of the plasma.
This difference is obviously greater than any reasonable 
allowance for experimental error, which is normally 
about the range of 2$. The simplest explanation for
this phenomenon is that the. fibrinogen, which being a
protein, contributes to the viscosity of the plasma, is
no longer present in the serum and therefore the
viscosity of the serum is less, owing to the fact that 
its disperse phase possesses a smaller volume than that 
of the plasma.
(0) The effect of various anticoagulants.
(l) Oxalate. It is onvicusly of great import­
ance that we should know the effects of small and 
large amounts of oxalate on the viscosity of the 
plasma. Accordingly we added different amounts of
oxalate ranging from such an amount as was just
sufficient to prevent coagulation, to that amount 





As the following figures show, the amount of 
oxalate used has an important hearing on the results 
obtained. The amounts of oxalate shown below are the 
quantities added to 5 cc. of blood and the viscosities 
are the viscosities of the separated plasma.
In all the experiments quoted below, the blood used 
was that of the rabbit.
be noted that 
of oxalate exert 
little or no effect on the viscosity of the plasma. 
Larger quantities we find increase the viscosity to a 
considerable extent. The very marked increase in 
viscosity which takes place when 50 mgms. of oxalate 
are added to 5 cc. of blood is apparently due to the 
fact that lysis occurs to a considerable extent as 
evidenced by the free haemoglobin in the plasma.
This haemoglobin being an added protein increases the 


















From the above results it will 
quantities from 5 mgms. to 15 mgms.
41.
t h e  v i s c o s i t y .  T h i s  r e s u l t  i s  n o t  e n t i r e l y  u n e x p e c t e d  
i n  v i e w  o f  t h e  f a c t  t h a t  B u r t o n _ O p i t z  f i n d s  i n  h i s  
e x p e r i m e n t s  t h a t  t h e  a d d i t i o n  o f  a n y  q u a n t i t y  o f  o x a l a t e  
e x e r t s  a n  e f f e c t  on  t h e  v i s c o s i t y  o f  t h e  b l o o d .
( 2 )  S o d i u m  O i t r a t e .  I n  t h i s  c a s e  t h e  b l o o d  was  r u n  
i n t o  a  f l a s k  c o n t a i n i n g  f i n e l y  p o w d e r e d  s o d i u m  
c i t r a t e .  The  q u a n t i t y  w as  15 mgms. t o  10 c c .  o f  
r a b b i t s ’ b l o o d .  S m a l l e r  q u a n t i t i e s  t h a n  t h i s ,  we f o u n j l ,  
d i d  n o t  g i v e  s a t i s f a c t o r y  r e s u l t s ,  o w in g  t o  t h e  p r e ­
m a t u r e  c l o t t i n g  o f  t h e  b l o o d .
F o r  r a b b i t ’ s  b l o o d  we f o u n d  t h e  v a l u e  o f  ^  t o  
v a r y  b e t w e e n  . 0 5 1 2  a n d  . 0 5 2 3 .
T h i s  i s  n o  g r e a t e r  t h a n  t h e  r e s u l t s  o b t a i n e d ,  u s i n ^  
p o t a s s i u m  o x a l a t e .
( D ) The  e f f e c t  o f  v a r i o u s  d i l u t i o n s  on  t h e  v i s c o s i t y  
of '  t h e  p l a s m a .
The  i n v e s t i g a t i o n  o f  t h i s  p r o b l e m  i s  v e r y  
s i m i l a r  t o  t h e  i n v e s t i g a t i o n  o f  t h e  p r o b l e m  o f  t h e  
e f f e c t  o f  d i l u t i o n  o n  t h e  v i s c o s i t y  o f  a n y  e m u l s o i d ,  
e x c e p t  t h a t  i n  t h e  c a s e  o f  w a t e r  a s  a  d i l u e n t  t h e  
g l o b u l i n s  a r e  i m m e d i a t e l y  p r e c i p i t a t e d  a n d  t h e  v i s c o s i t y  
f a l l s  a c c o r d i n g l y ,  f o r  t h e  p r e v i o u s l y  d i s p e r s e d  e m u l s o i  
p h a s e  now b e c o m e s  a  s u . s p e n s o i d  p h a s e  a n d ,  a s  we h a v e  
p r e v i o u s l y  s h o w n ,  a  s u s p e n s o i d  p h a s e  e x e r c i s e s  l i t t l e  
e f f e c t  /
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e f f e c t  o n  t h e  v i s c o s i t y  o f  t h e  s y s t e m .  The  d i l u e n t  
i m u s t  t h e r e f o r e  b e  a  s o d i u m  c h l o r i d e  s o l u t i o n  i n  w h i c h  
t h e  g l o b u l i n s  a r e  s o l u b l e .  . 8 fsfo s o d i u m  c h l o r i d e  i s  
s a t i s f a c t o r y .
The  e f f e c t  o f  d i l u t i o n s  f r o m  1 i n  2 t o  l  i n  10 ,  
o n  ox  s e r u m  a r e  s h o w n  i n  t h e  f o l l o w i n g  t a b l e .
S e r u m . 7
1 i n 2 . 0 1 4 4
1 i n 4 . 0 1 3 0
1 i n 6 . 0 1 1 6
1 i n 8 . 0 1 0 7
1 i n 10 . 0 0 9 9
0D & s a l i n e . 0 0 9 5
As t h e  d i l u t i o n  p r o g r e s s e s  we n o t e  t h a t  t h e  v i s c o s .  
i t y  o f  t h e  s e r u m  s t e a d i l y  a p p r o a c h e s  t h a t  o f  t h e  d i l u t i n g  
f l u i d .  A g a i n  t h e  v o l u m e  o f  t h e  d i s p e r s e  p h a s e  i s  r e ­
d u c e d  w i t h  a  c o r r e s p o n d i n g  f a l l  i n  t h e  v i s c o s i t y .
I t  w i l l  b e  n o t e d  i n  t h e  g r a p h ,  w h i c h  i s  a t t a c h e d ,  
t h a t ,  i n  t h e  h i g h e r  d i l u t i o n s  i n  t h e  r e g i o n  o f  1 i n  10 
| t o  1 i n  R, t h e  v i s c o s i t y  c h a n g e s  t o  a  v e r y  s m a l l  e x t e n t  
j b u t ,  a s  t h e  r a n g e  o f  c o n c e n t r a t i o n  i s  i n c r e a s e d ,  t h e  
; v i s c o s i t y  c h a n g e s  v e r y  r a p i d l y .
T h e  d i l u t i o n  o f  t h e  s e r u m  i s  o f  c o n s i d e r a b l e  
t h e o r e t i c a l  i m p o r t a n c e  b e c a u s e ,  a f t e r  s e v e r e  h a e m o r r h a g e ,  
t h e  v o l u m e  o f  t h e  b l o o d  i s  m ade  u p  b y  a  p a s s a g e  o f  f l u i  
; f r o m /
1
f r o m  t h e  t i s s u e s  i n t o  t h e  b l o o d - s t r e a m ,  w h i c h  o f  c o u r s e  
d i l u t e s  t h e  p l a s m a .
I t  w i l l  h e  f u r t h e r  s e e n  f r o m  t h e  g r a p h  t h a t  s l i g h t  
c h a n g e s  i n  t h e  r e g i o n  o f  f u l l y  c o n c e n t r a t e d  s e r u m  p r o ­
d u c e s  a  r e l a t i v e l y  g r e a t  c h a n g e  i n  t h e  v i s c o s i t y  a n d  
t h a t  t h e r e f o r e  e v e n  s l i g h t  d e g r e e s  o f  d i l u t i o n  may b e  
q u i t e  i m p o r t a n t .
( E ) The  e f f e c t  o f  h e a t  o n  s e r u m .
Ox a n d  r a b b i t  s e r u m  w e r e  h e a t e d  t o  5 6 ° 0 .  f o r  
■§• h o u r  i n  a  c o n s t a n t  t e m p e r a t u r e  b a t h .  T h i s  t e m p e r a t u r b  
w a s  c h o s e n  ( a )  b e c a u s e  i t  i s  t h e  t e m p e r a t u r e  f o r  
i n a c t i v a t i o n  o f  c o m p l e m e n t  a n d  ( b )  b e c a u s e  i t  i s  t h e  
t e m p e r a t u r e  a t  w h i c h  t h e  s e r u m  p r o d u c e s  t h e  e f f e c t  o f  
m a r k e d  r o u l e a u x  f o r m a t i o n .  T h e  t e m p e r a t u r e  i s  o f  c o u r b e  
b e l o w  t h a t  w h i c h  i s  r e q u i r e d  f o r  p r e c i p i t a t i o n  o f  a n y  
o f  t h e  p r o t e i n s .  A l t h o u g h  a  c o n s i d e r a b l e  n u m b e r  o f  
e x p e r i m e n t s  w e r e  d o n e  i n  t h e  c a s e  o f  e a c h  a n i m a l ,  t h e  
r e s u l t s  o b t a i n e d  w e r e  v e r y  i r r e g u l a r .  I n  a  n u m b e r  o f  
c a s e s  t h e  v i s c o s i t y  w as  f o u n d  t o  b e  s l i g h t l y  h i g h e r ,  
i n  a  n u m b e r  s l i g h t l y  l e s s ,  n o  g r e a t  d i f f e r e n c e s  w e r e  
h o w e v e r  o b s e r v e d  a n d  n o  u n i f o r m i t y  a t t a i n e d .
SECTION I I . /
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SECTION I I .  T h i s  s e c t i o n  d e a l s  w i t h  t h e  s e c o n d  f a c t c i ?
w h i c h  e n t e r s  i n t o  t h e  q u e s t i o n  o f  t h e
v i s c o s i t y  o f  t h e  w h o l e  b l o o d ,  v i z .  t h e
v i s c o s i t y  o f  t h e  c o r p u s c u l a r  c o n t e n t s  
w h i c h  a r e  f l u i d  i n  n a t u r e .
To o b t a i n  t h i s  v i s c o s i t y  we m u s t  f i r s t  o b t a i n  t h e  
c o r p u s c u l a r  c o n t e n t s .  T h i s  was  o b t a i n e d  b y  t h e  f o l l o w ­
i n g  m e t h o d .  A q u a n t i t y  o f  o x _ c e l l s  w as  w a s h e d  v e r y  
t h o r o u g h l y  a n d  a f t e r  t h e  l a s t  w a s h i n g  w i t h  s a l i n e  t h e  
c e l l s  w e r e  c e n t r i f u g a l i s e d  f o r  ^ h r .  a t  3 , 0 0 0  r e v o l u ­
t i o n s  p e r  m i n u t e .  By t h i s  m e a n s  a l l  t h e  s a l i n e  was
o b t a i n e d  s u p e r n a t a n t  t o  t h e  c e l l s  a n d  w as  e a s i l y  r e ­
m o v e d .  The  c l o s e l y  p a c k e d  c e l l s  w e r e  t h e n  f r o z e n  
r a p i d l y  i n  t h e  r e f r i g e r a t o r .
T h e y  w e r e  t h e n  t h a w e d  r a p i d l y  b y  p l u n g i n g  t h e  
t u b e  a n d  c o n t e n t s  i n t o  warm w a t e r .  T h i s  p r o c e s s  w as  
r e p e a t e d  t h r e e  t i m e s  s o  t h a t  t h e  f i n a l  p r o d u c t  c o n s i s t e d  
o f  c e l l  c o n t e n t s  a n d  c e l l  e n v e l o p e s .
The  m i x t u r e  w as  a g a i n  c e n t r i f u g a l i s e d  v e r y  t h o r o u g h ­
l y  a n d  t h e  s u p e r n a t a n t  f l u i d  u s e d  f o r  t h e  e x p e r i m e n t s .
The  v i s c o s i t y  w a s  m e a s u r e d  a s  b e f o r e ,  a t  2 5 ° 0 .  a n d  t h e  
f o l l o w i n g  r e s u l t s  o b t a i n e d .
E x p e r i m e n t  I .  . 0 4 0
E x p e r i m e n t  I I .  . 0 4 3
E x p e r i m e n t  I I I .  . 0 3 7  
T h e s e /
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T h e s e  e x p e r i m e n t s  a g r e e  i n  s h o w i n g  t h a t  t h e  v i s ­
c o s i t y  o f  t h e  c o r p u s c u l a r  c o n t e n t s  i s  a b o x i t  4 . 5  t i m e s  
t h a t  o f  w a t e r .  T h i s  r e s u l t  i s  v e r y  h i g h  a n d  i t  m u s t  
b e  a d m i t t e d  t h a t  t h e  e x p e r i m e n t s  a r e  n o t  v e r y  s a t i s ­
f a c t o r y  i n  t h a t  t h e  y i e l d  o f  c o r p u s c u l a r  c o n t e n t s  i s  
v e r y  s m a l l .  T h e r e  i s ,  h o w e v e r ,  n o  r e a s o n  t o  s u s p e c t  
t h a t  t h e  c o r p u s c u l a r  c o n t e n t s  a r e  p a r t i c u l a r l y  a l t e r e d  
b y  t h e  p r o c e s s  o f  m a n u f a c t u r e .
S i n c e  t h e  h a e m o g l o b i n  i s  i n  a b o u t  3 0 $  c o n c e n t r a t i o h ,  
w i t h i n  t h e  c e l l ,  t h i s  h i g h  r e s u l t  i s  n o t  s o  v e r y  r e m a r k ,  
a b l e  a s  i t  a t  f i r s t  a p p e a r s .
I n  o r d e r  t o  s e e  w h e t h e r  a  3 0 $  s o l u t i o n  o f  h a e m o ­
g l o b i n  i n  s a l i n e  p o s s e s s e d  c o m p a r a b l e  v i s c o s i t y ,  we 
a t t e m p t e d  t o  m ake  s u c h  a  s o l u t i o n  w i t h  a  s p e c i m e n  o f  
c r y s t a l l i n e  H a e m o g l o b i n .  The  h a e m o g l o b i n  h o w e v e r  w as  
n o t  s o l u b l e  t o  t h a t  e x t e n t .  A 15$ s o l u t i o n  was  f o u n d  
t o  g i v e  a  v i s c o s i t y  2 . 7  t i m e s  t h a t  o f  w a t e r .
S i n c e  t h e  r e q u i r e m e n t s  o f  t h e  c o r p u s c u l a r  c o n t e n t s  
i s  s o  h i g h  i t  i s  q u i t e  p l a i n  t h a t  t h e  c o r p u s c u l e s ,  e v e n  
i f  t h e y  w e r e  n o t  s u r r o u n d e d  b y  a  m e m b r a n e ,  w o u l d  show 
a  l a r g e  v i s c o s i t y  e f f e c t ,  b u t ,  a s  t h e y  a r e  s u r r o u n d e d  
b y  a  m e m b ra n e  a n d  t h e r e f o r e  t h e  h a e m o g l o b i n  d r o p l e t s  
a r e  l e s s  d e f o r m a b l e ,  a n d ,  a s  t h e  n u m b e r  o f  s u c h  d r o p l e t  
p e r  u n i t  v o l u m e  o f  b l o o d  i s  v e r y  g r e a t ,  t h e  v i s c o s i t y  
o f  t h e  b l o o d  m u s t  d e p e n d  t o  a  l a r g e  e x t e n t  o n  t h e  
v i s c o s i t y  o f  t h e  c o r p u s c u l a r  c o n t e n t s .
46.
w h i c h  e n t e r s  i n t o  t h e  v i s c o s i t y  o f  t h e  
b l o o d ,  v i z .  r e s i s t a n c e  t o  d e f o r m a t i o n ,  
o f  t h e  c e l l  e n v e l o p e s .
I t  i s  a  m a t t e r  o f  g r e a t  d i f f i c u l t y ,  t o  m e a s u r e  t h i s  
f a c t o r ,  f o r ,  i n  o r d e r  t o  do  s o  i t  i s  n e c e s s a r y  t o  o b t a i n  
t b e  c e l l  e n v e l o p e s  i n  s u s p e n s i o n  i n  s a l i n e .  By m e a s u r ­
i n g  t h e  v i s c o s i t y  o f  t h e  s a l i n e  a n d  t h e n  b y  m e a s u r i n g  
t h e  r e s i s t a n c e  o f  t h e  s u s p e n s i o n ,  t h e  d i f f e r e n c e  i n  t h e  
tw o  r e s u l t s  g i v e s  t h e  r e s i s t a n c e  t o  d e f o r m a t i o n  o f  t h e  
s u s p e n s i o n .
The  m e t h o d  a d o p t e d  was  a s  f o l l o w s .  T he  c e l l s  
f r o m  i 0  c c .  o f  d e f i b r i n a t e d  ox  b l o o d  w e r e  t h o r o u g h l y  
w a s h e d  s e v e r a l  t i m e s  w i t h  s a l i n e  a n d  t h e  w a s h e d  c e l l s  
w e r e  t h e n  h a e m o l y s e d  w i t h  t h r e e  t i m e s  t h e i r  v o l u m e  o f  
w a t e r .  T he  c e l l  e n v e l o p e s  w h i c h  a r e  n o t  d e s t r o y e d  b y  
t h i s  p r o c e s s  w e r e  t h e n  c e n t r i f u g a l i s e d  down on  a  h i g h ­
s p e e d  c e n t r i f u g e  a n d  w a s h e d  t w i c e  w i t h  s a l i n e .  T h e y  
w e r e  t h e n  r e _ s u s p e n d e d  i n  10 c c .  o f  s a l i n e ,  a n  a m o u n t  
e q u i v a l e n t  t o  t h e  a m o u n t  o f  b l o o d  f r o m  w h i c h  t h e y  w e r e  
o r i g i n a l l y  o b t a i n e d .
The  v i s c o s i t y  o f  t h i s  s u s p e n s i o n  was  t h e n  c o m p a r e d  
a t  2 5 ° C .  w i t h  t h a t  o f  s a l i n e .
S a l i n e  . 0 0 9 5  
S u s p e n s i o n  . 0 1 3 5
V i s c o s i t y /
SECTION III. This section deals with the third factor
47.
V i s c o s i t y  o f  t h e  s u s p e n s i o n  i s  t h u s  1 . 5  t i m e s  t h a t  
o f  s a l i n e ,  w h i c h  i s  v e r y  n e a r l y  t h e  s am e  a s  t h a t  w a t e r ,  
v i z .  . 0 0 9 8  t h i s  e x t r a  v i s c o s i t y ,  m u s t  b e  d u e  t o  t h e  
r e s i s t a n c e  t o  d e f o r m a t i o n  o f  t h e ‘c e l l  e n v e l o p e s .
I t  i s  o b v i o u s  t h a t  t h i s  may n o t  r e p r e s e n t  t h e  c o n »  
t r i b u t i o n  t o  t h e  v i s c o s i t y  o f  t h e  b l o o d ,  b y  t h e  e n v e l o p ^  
o f  t h e  i n t a c t  c e l l s ,  f o r  t h e  f o l l o w i n g  r e a s o n s .
( 1 )  T h e r e  i s  n o  g u a r a n t e e  t h a t  t h e  t r e a t m e n t  t o  
w h i c h  t h e  c e l l s  w e r e  s u b j e c t e d  h a s  n o t  a l t e r e d  t h e  
r e s i s t a n c e  t o  d e f o r m a t i o n  o f  t h e  e n v e l o p e s .
( 2 )  T h a t  t h e  f o r m  o f  t h e  e n v e l o p e  i n  t h e  s a l i n e  
s u s p e n s i o n  m u s t  n e c e s s a r i l y  b e  d i f f e r e n t  f r o m  t h e  s h a p e  
o f  t h e  e n v e l o p e  i n  b l o o d .
T h e  c o n t r i b u t i o n  o f  t h e  r e s i s t a n c e  t o  d e f o r m a t i o n  
o f  t h e  e n v e l o p e  t o  t h e  v i s c o s i t y  o f  t h e  w h o l e  b l o o d  
m u s t  o f  r e a s o n  b e  r a t h e r  s m a l l ,  a l t h o u g h  i t  m u s t  
c e r t a i n l y  b e  t a k e n  i n t o  a c c o u n t .
An a n a l o g o u s  c a s e  t o  t h a t  o f  t h e  a b o v e  m i g h t  b e  
m e n t i o n e d .  I t  i s  w e l l  k n ow n  t h a t  a  s u s p e n s i o n  o f  a i r »  
b u b b l e s  i n  a i r ,  i s  i n  s u c h  a  s t a t e  t h a t  i n d i v i d u a l  s o a p  
m e m b r a n e s  e n c l o s i n g  t h e  a i r  a r e  e a s i l y  d e f o r m a b l e .
Now, s u p p o s e  t h a t  t h e  i n t e r i o r  o f  t h e  s o a p  m e m b ra n e  i s  
f i l l e d  w i t h  a  v i s c o u s  s u b s t a n c e  o f  v i s c o s i t y  much  
g r e a t e r  t h a n  a i r ,  t h e n  t h e  d e f o r m a b i l i t y  o f  t h e  mem» 
b r a n e s  w i l l  b e  much l e s s .  The  r e a s o n  f o r  t h i s  i s  t h a t  
a n y  d e f o r m a t i o n  o f  t h e  m e m b ra n e  n e c e s s a r i l y  p r o d u c e s  a  
d e f o r m a t i o n /
d e f o r m a t i o n  o f  t h e  i n t e r n a l l y  c o n t a i n e d  s u b s t a n c e  a n d  
t h i s ,  r e s i s t i n g  d e f o r m a t i o n  t o  a  g r e a t e r  e x t e n t  t h a n  
d o e s  t h e  m e m b ra n e  i t s e l f ,  w i l l  p l a y  t h e  m o r e  i m p o r t a n t  
p a r t  i n  d e t e r m i n i n g  w h a t  d e f o r m a t i o n  w i l l  a c t u a l l y  r e ­
s u l t  f r o m  t h e  a p p l i c a t i o n  o f  a  g i v e n  f o r c e .
I n  p r e c i s e l y  t h e  sam e  way t h e  c o n t e n t s  o f  t h e  r e d  
b l o o d  c e l l  e n v e l o p e s  r e s i s t  d e f o r m a t i o n  t o  a  m uch  g r e a t e r  
e x t e n t  t h a n  do  t h e  e n v e l o p e s  t h e m s e l v e s .  A c c o r d i n g l y  
t h e  e f f e c t  o n  t h e  v i s c o s i t y  o f  t h e  w h o l e  s y s t e m  i s  t h e  
c h i e f  f a c t o r  i n v o l v e d .
How, i f  i t  w e r e  p o s s i b l e  t o  r e m o v e  t h e  e n v e l o p e s  
w i t h o u t  d e s t r o y i n g  t h e  c o n t i n u i t y  o f  t h e  c o n t e n t s  we 
w o u l d  o b t a i n  a  s t a t e  a n a l o g o u s  t o  t h a t  o f  o i l - d r o p l e t s  
i n  w a t e r ,  w h e r e ,  a s  we h a v e  sh o w n  a b o v e  i n  t h e  p a r t  
d e v o t e d  t o  t h e o r e t i c a l  c o n s i d e r a t i o n s ,  t h e  v i s c o s i t y  o f  
t h e  s y s t e m  i s  i n c r e a s e d  b y  t h e  f a c t  t h a t  t h e  o i l  p o s s e s s ­
e s  a  h i g h  v i s c o s i t y .
W h i l e  i n  p r a c t i c e  i t  i s  n o t  p o s s i b l e  t o  r e m o v e  t h e  
e n v e l o p e s ,  i n  t h e o r y  i t  i s  p e r f e c t l y  a l l o w a b l e ,  f o r  t h e  
e x p e r i m e n t  q u o t e d  a b o v e  show s  t h a t  t h e  c o n t r i b u t i o n  o f  
t h e  e n v e l o p e  t o  t h e  t o t a l  v i s c o s i t y  o f  t h e  s y s t e m  i s  
q u i t e  s m a l l .
I t  i s  u n f o r t u n a t e l y  i m p o s s i b l e  t o  a l t e r  t h e  r e s i s t ,  
a n c e  t o  d e f o r m a t i o n  o f  t h e  e n v e l o p e s  i n  a n y  c e r t a i n  
m a n n e r .
SECTION IV. /
SECTION I V .  T h i s  s e c t i o n  d e a l s  w i t h  t h e  v o l u m e  o f  t h e  
c o r p u s c u l a r  p h a s e  a n d  i t s  i n f l u e n c e  o n  t h e  
v i s c o s i t y  o f  t h e  b l o o d  o r  s u s p e n s i o n .
Th9 v o l u m e  o f  t h e  c o r p u s c u l a r  p h a s e  i s  d e t e r m i n e d  
b y  tw o  f a c t o r s : -
( l )  N um ber  o f  c e l l s  p r e s e n t  
( S )  S i z e  o f  c e l l s .
We s h a l l  f i r s t  c o n s i d e r  t h e  i n f l u e n c e  o f  n u m b e r  o f  
c e l l s  o n  t h e  v i s c o s i t y  o f  t h e  s u s p e n s i o n .
( l )  N um ber  o f  c e l l s  p r e s e n t .
I t  i s  o b v i o u s l y  o f  g r e a t  i m p o r t a n c e  t h a t  t h e  
s h a p e  o f  t h e  c e l l s  s h o u l d  b e  know n f o r  we h a v e  a l r e a d y  ; 
p o i n t e d  o u t ,  i n  t h e  t h e o r e t i c a l  c o n s i d e r a t i o n s  t h a t  
s h a p e  i s  a  f a c t o r  i n  d e t e r m i n i n g  t h e  v i s c o s i t y  a n d  t h i s  
f a c t o r  m u s t  t h e r e f o r e  b e  e x c l u d e d  i n  c o n s i d e r i n g  t h e  
i n f l u e n c e  o f  t h e  n u m b e r  o f  c e l l s  o n  t h e  v i s c o s i t y  o f  
t h e  s u s p e n s i o n .
1
A n o t h e r  f a c t o r  w h i c h  m u s t  b e  c o n s i d e r e d  i s  t h a t  
o f  s e r u m .  I t  i s  n e c e s s a r y  i n  d e t e r m i n i n g  t h e  e f f e c t  
o f  t h e  n u m b e r  o f  c e l l s  o n  t h e  v i s c o s i t y  o f  t h e  s u s p e n ­
s i o n ,  t h a t  t h e  c e l l s  s h o u l d  b e  s u s p e n d e d  i n  n o r m a l  
s a l i n e  a n d  n o t  i n  s e r u m ,  f o r ,  i f  s e r u m  w e r e  u s e d ,  t h e  
c e l l s  w o u l d  t e n d  t o  g o  i n t o  r o u l e a u x  f o r m a t i o n  a n d
m o r e o v e r  t h e  a d d i t i o n a l  f a c t o r  o f  t h e  v i s c o s i t y  o f  t h e
'




I n  s a l i n e ,  t h e  c e l l s  w i l l  n o t  f o r m  a n y  a g g r e g a t e s  
h u t  w i l l  t a k e  u p  a  d e f i n i t e  f o r m  d e s c r i b e d  b y  G o u g h .
T h i s  f o r m  i s  a  c o n v e n i e n t  o n e ,  f o r  i t  m a k e s  t h e  c e l l  
c o m p a r a b l e  t o  a  d r o p l e t  o f  o i l .
G r e a t  c a r e  m u s t  b e  t a k e n  t o  d e t e r m i n e  t h e  n u m b e r  
o f  c e l l s  i n  t h e  f l u i d .  T h i s  i s  d o n e  b y  c o u n t i n g  t h e  
c e l l s  p r e s e n t  i n  t h e  s a l i n e  s u s p e n s i o n  b y  m e a n s  o f  a  
Th&ma H a e m a c y t o m e t e r . The  s u s p e n s i o n s  a r e  t h e n  r e ­
d u c e d  t o  a  s t a n d a r d  c e l l  c o n t e n t .
14T h i s  c o n t e n t  we h a v e  d e c i d e d  t o  m ake  2 x  10 .
The  f o l l o w i n g  v i s c o s i t y  d e t e r m i n a t i o n s  w e r e  t h e n  
m a d e ,  f o r  t h e  b l o o d  o f  t h e  h o r s e ,  r a t ,  p i g ,  r a b b i t ,  
g u i n e a - p i g ,  o x ,  a n d  m an .
I n  o r d e r  t o  show t h e  a c c u r a c y  o f  t h e  d e t e r m i n a t i o n s  
t h e  r e s u l t s  a r e  g i v e n  i n  f u l l .
O u t f l o w  t i m e . R e l .  V i s c o s i t y . A b s .  V i s c o s i t y ,, 
H o r s e  1 8 . 6
1 8 . 6  
1 8 . 6
1 8 . 6  1 . 0 8 7  . 0 0 9 8
1 8 . 6  
1 8 .  5
1 8 . 6
R a t  1 8 . 6
1 8 . 4  1 . 0 8 7  . 0 0 9 8
1 8 . 2
1 8 . 4
P i g .  /
R l .
P i g
R a b b i t
G . - P i g
Ox
I Man
O u t f l o w  t i m e . R e l .  V i s c o s i t y . A b s .  V i s c o s i t y
1 8 . 9
1 8 . 9  
1 8 . 8  
1 8 . 0  
1 8 . 0  
1 8 . 0  
1 8 . 1  
1 8 . 6  
1 8 . 6  
1 8 . 6  
1 8 . 1  
1 8 .  1 
1 8 .  1 
1 8 . 0  
1 8 . 0  
1 8 . 0
1 . 0 9 9 . 0 0 9 9
1 . 0 4 8 . 0 0 9 4
1 . 0 8 7 . 0 0 9 8
1 . 0 5 3 . 0 0 9 5
1 . 0 4 8 . 0 0 9 4
From t h e  a b o v e  r e s u l t s  we s e e  t h a t  d i f f e r e n c e s  a r e  
s o  s m a l l  a n d  i n a c c u r a t e  t h a t  i t  i s  o f  l i t t l e  u s e  i n ­
v e s t i g a t i n g  t h i s  s t r e n g t h  o f  s u s p e n s i o n  w h i c h  i s  t h a t  
w h i c h  i s  u s e d  g e n e r a l l y  i n  s e r o l o g i c a l  a n d  h a e m a t o -  
l o g i c a l  w o r k .  A c c o r d i n g l y  t o  o b t a i n  m o r e  c o n c l u s i v e  
r e s u l t s  we h a v e  i n c r e a s e d  t h e  s t r e n g t h  o f  t h e  s u s p e n s i o n  
w i t h  t h e  f o l l o w i n g  r e s u l t s .
The /
52.
Th9 r e s u l t s  a r e  g i v e n  a s  t h e  a v e r a g e  o f  t h r e e  o u t .  
f 1 ow t i m e s  w i t h  e a c h  s t r e n g t h  o f  s u s p e n s i o n .
S h e e p
Ox
G . - P i g
H o r s e
Man
G o a t








3 2 $  
16$ 
8$  











R e l .  V i s c o s i t y .
2 . 6  
1 .  58 
1 .  18
1 . 0 9
4 . 7  
1 . 8 9  
1 . 2 5
1 . 0 9  
5 . 8 0  
2 . 1 2
1 . 3 3  
1 . 1 8  
1 . 7 5
1 . 2 3
1 . 0 9
1 . 0 6  
6 .  10 
2 . 2 9  
1 . 4 7
1 . 2 4
1 . 3 4
1 .  I l l
1 . 0 7
1 . 0 5
A h s .  V i s c o s i t y . 
. 0 2 3 4  
. 0 1 4 2  
. 0 1 0 6  
. 0 0 9 8  
. 0 4 2 3  
. 0 1 7 0  
. 0 1 1 2  
. 0 0 8 8  
. 0 5 2 2  
. 0 1 9 1  
. 0 1 1 9  
. 0 1 0 6  
. 0 1 5 7  
. 0 1 1 1  
. 0 0 9 8  
. 0 0 9 6  
. 0 5 4 9  
. 0 2 0 6  
. 0 1 3 2  
. 0 1 1 1  
. 0 1 2 1  
. 0 0 9 9  
. 0 0 9 6  




By 4 $  s u s p e n s i o n  i s  m e a n t  a  s u s p e n s i o n  c o n t a i n i n g  
2 x  1 0 14  c e l l s  p e r  c u b i c  c e n t i m e t r e .  T h i s  i s  t h e  r e ­
s u l t  o f  m a k i n g  u p  t h e  w a s h e d  b l o o d  c e l l s  f r o m  4  c c .  o f  
"b lood  t o  100 c o .  w i t h  n o r m a l  s a l i n e .  H e n c e  t h e  e x p r e s ­
s i o n  i n  t e r r a s  o f  p e r c e n t a g e .
The c u r v e s  a r e  s h o w n  i n  t h e  a t t a c h e d  g r a p h s .
From  t h e  r e s u l t s  we d r a w  t h e  f o l l o w i n g  c o n c l u s i o n s .
( 1 )  T h e  v i s c o s i t y  o f  a  s u s p e n s i o n  i n c r e a s e s  w i t h  
t h e  c e l l  c o n t e n t .  T h i s  i s  w h a t  we e x p e c t  
f r o m  t h e o r e t i c a l  c o n s i d e r a t i o n s ,  f o r  we h a v e  
a  g r e a t e r  v o l u m e  o f  r i g i d  o r  s e m i - r i g i d  p h a s e  
i n  t h e  s y s t e m .
( 2 )  T he  v i s c o s i t y  i n c r e a s e s  c o m p a r a t i v e l y  s l o w l y  
w i t h  t h e  i n c r e a s e  i n  c e l l - c o n t e n t  u n t i l  a b o u t  
2 0 $  o f  t h e  c e l l s  a r e  p r e s e n t .  T h e r e a f t e r  
t h e  i n c r e a s e  i n  v i s c o s i t y  o c c u r s  v e r y  r a p i d l y .  
T h i s  f a c t  i s  i m p o r t a n t  b e c a u s e ,  a s  i n  t h e  c a s e  
o f  t h e  c i r c u l a t i n g  b l o o d ,  w h e r e  we h a v e  a
4 0 $  c e l l  c o n t e n t ,  a  s m a l l  c h a n g e  i n  c e l l  
c o n t e n t  w i l l  p r o d u c e  a  r e l a t i v e l y  g r e a t  c h a n g e  
i n  v i s c o s i t y .  I f  h o w e v e r  t h e  c i r c u l a t i n g  
b l o o d  w e r e  v e r y  d i l u t e ,  s a y  o f  4$  c o n c e n t r a ­
t i o n ,  a  c o m p a r a t i v e l y  l a r g e  c h a n g e  i n  c e l l -  
c o n t e n t  w o u l d  p r o d u c e  a  s m a l l  c h a n g e  i n  
v i s c o s i t y .
W e /
54.
We h a v e  a t t e m p t e d ,  t o  show  t h a t  H a t s c h e c l c ’ s  f o r m u l a
I s  a p p l i c a b l e  t o  t h e  a b o v e  r e s u l t s  f o r  t h i s  f o r m u l a  i s  
s t a t e d ,  t o  g i v e  t h e  r e l a t i o n  b e t w e e n  v i s c o s i t y  a n d  t h e  
q u a n t i t y  o f  s o l i d  p h a s e .
We h a v e  f o u n d ,  h o w e v e r ,  t h a t  t h e  f o r m u l a  d o e s  n o t  
s a t i s f a c t o r i l y  f i t  t h e  r e s u l t s ,  t h e  d i f f i c u l t y  b e i n g  
t h a t  t h e  i n c r e a s e  o f  v i s c o s i t y  i s  n o t  s u f f i c i e n t l y  g r e a t  
i n  t h e  e x p e r i m e n t a l  r e s u l t s  w h e n  t h e  c e l l  c o n c e n t r a t i o n  
i s  l o w ,  a n d  f u r t h e r ,  t h a t  i t  i s  t o o  g r e a t  w hen  t h e  c e l l  
c o n c e n t r a t i o n  i s  h i g h .  The  r e a s o n  f o r  t h i s  we w e r e  
u n a b l e  t o  e x p l a i n .
I t  i s  p o s s i b l e ,  h o w e v e r ,  t h a t  i t  i s  c o n n e c t e d  w i t h  
t h e  f a c t  t h a t  t h e  c e l l  i t s e l f  i s  c o n s i d e r a b l y  d e f o r m -
I
a b l e .
( 2 )  The  s i z e  o f  c e l l s .
I n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  
s i z e  o f  t h e  c e l l s  on  t h e  v i s c o s i t y  i t  i s  f i r s t l y  
n e c e s s a r y  t o  make t h e  n u m b e r  o f  c e l l s  c o n s t a n t .
14
The  n u m b e r s  w e r e  made c o n s t a n t  a n d  e q u a l  t o  8 x  10
!
c e l l s  p e r  c c .  T h i s  n u m b e r  h a s  b e e n  d e c i d e d  u p o n ,  f o r
we h a v e  a l r e a d y  sh o w n  t h a t  t h e  v i s c o s i t y  o f  c e l l s  o f  
14
n u m b e r  2 x  i 0  i s  v e r y  n e a r  t h a t  o f  w a t e r  a n d  t h e r e -  
■ f o r e  /
t h e r e f o r e  n o t  s u i t a b l e  f o r  m e a s u r e m e n t .  We h a v e  a l s o  
s h o w n  t h a t  s u s p e n s i o n s  c o n t a i n i n g  16 x  1 0 14 c e l l s  p e r  
c c .  h a v e  a  v e r y  h i g h  v i s c o s i t y  a n d  a r e  t h e r e f o r e  a l s o ,  
n o t  s u i t a b l e .
A n i m a l S i z e . V o l . R e l .  V i s e . A b s .  1
S h e e p 4 . 8  * 20 vu* 1 . 5 8 . 0 1 4 2
H o r s e 5 .  5 wu 26 vo* 1 . 2 3 . 0 1 1 1
Ox 8 . 0 33 1 . 8 9 . 0 1 7 0
G . - P i g 7 . 2  v 58 2 .  12 . 0 1 9 1
Man 7 . 8  vo 7 8  vo* . 2 . 2 9 . 0 2 0 6
Two p o i n t s  m u s t  b e  n o t e d
( 1 )  The d i a m e t e r s  a n d  v o l u m e s  q u o t e d  a b o v e  w e r e  
o b t a i n e d  f r o m  "The  E r y t h r o c y t e  a n d  a c t i o n  o f  
s i m p l e  H a e m o l y s i n s "  a n d  a r e  f o r  d r i e d  c e l l s .  
T h e s e  f i g u r e s  do  n o t  a p p l y  t o  c e l l s  i n  s u s ­
p e n s i o n s  i n  t h e  f r e s h  s t a t e  b u t  a r e  p r o p o r ­
t i o n a l  t o  t h e  d i a m e t e r s  a n d  v o l u m e s  o f  t h e  
f r e s h  c e l l s .
( 2 )  The  d i a m e t e r s  a r e  f o r  c e l l s  i n  t h e  d i s c - l i k e  
s t a t e ,  w h e r e a s  t h e  c e l l s  i n  t h e s e  s u s p e n s i o n s  
w e r e  i n  t h e  s p h e r i c a l  f o r m .  T h i s  h o w e v e r  h a s
n o  e f f e c t  u p o n  t h e  v o l u m e s .  The  v o l u m e s  a r e
t h e r e f o r e  a p p r o x i m a t e l y  c o r r e c t .
W i t h  t h e  e x c e p t i o n  o f  t h e  r e a d i n g  f o r  t h e  h o r s e  c e l l s ,  
t h e  v i s c o s i t i e s  o f  t h e  s u s p e n s i o n s  i n c r e a s e  w i t h  t h e  
c e l l  v o l u m e .  T he  r e l a t i o n  i s  sh o w n  i n  t h e  g r a p h  a t t a c h e d
a n d  i s  t o  b e  e x p e c t e d  f r o m  t h e o r e t i c a l  c o n s i d e r a t i o n s .

T he  v i s c o s i t y  o f  t h e  s u s p e n s i o n  o f  s h e e n  c e l l s  i s  
h o w e v e r  s o m e w h a t  g r e a t e r  t h a n  t h a t  o f  t h e  h o r s e ,  a l ­
t h o u g h  t h e  v o l u m e  i s  l e s s .  T h i s  i s  u n e x p e c t e d  a n d  a t  
t h e  p r e s e n t  t i m e  i n e x p l i c a b l e  t o  u s .
W i t h  r e g a r d  t o  t h e  n u m b e r  o f  c e l l s  a n d  s i z e  o f  
c e l l s ,  t h e  g e n e r a l  r e s u l t  i s  t h a t  a s  t h e  s i z e  o f  t h e  
c e l l s  i n c r e a s e s ,  s o  d o e s  t h e  v i s c o s i t y  i n c r e a s e .
T h i s  i n c r e a s e  i n  v i s c o s i t y  i s  a l s o  n o t i c e a b l e  w i t h  i n ­
c r e a s e  i n  n u m b e r  o f  c e l l s  w i t h i n  t h e  l i m i t s  d i s c u s s e d  
a b o v e .
I n  c o n n e c t i o n  w i t h  t h e  i n f l u e n c e  o f  t h e  s i z e  o f  
c e l l  o n  v i s c o s i t y ,  t w o  i m p o r t a n t  o b s e r v a t i o n s  m u s t  b e  
d e a l t  w i t h .
( l )  E f f e c t  o f  c a r b o n  d i o x i d e . C a r b o n  d i o x i d e  i s
s t a t e d  b y  B u . r t c n _ O p i t z  t o  i n c r e a s e  t h e  v i s c o s i t i r  
o f  t h e  b l o o d  w h e t h e r  a d m i n i s t e r e d  t o  a n  a n i m a l  
o r  p a s s e d  t h r o u g h  t h e  b l o o d  i n  v i t r o .  T h i s  
e f f e c t  i s  u n e x p l a i n e d  i n  e a c h  c a s e .
We s h a l l  c o n s i d e r  t h e  l a t t e r  c a s e  
f i r s t .
( a )  S u s p e n s i o n s  o f  w a s h e d  c e l l s .
A l6fo s u s p e n s i o n  o f  w a s h e d  o x  c e l l s  was  
p r e p a r e d  i n  s a l i n e ;  t h e  v i s c o s i t y  m e a s u r e d  a n d  t h e r e ­
a f t e r  CO w as  p a s s e d  t h r o u g h  t h e  s u s p e n s i o n  f o r  f i v e(Zj
m i n u t e s .  The  0 0 ^  w as  o b t a i n e d  f r o m  a  c y l i n d e r .
A t /
57 .
A t  t h e  e n d  o f  t h i s  t i m e  t h e  v i s c o s i t y  w as  a g a i n  
m e a s u r e d ,  t h e  p r e c a u t i o n  b e i n g  t a k e n  t o  f l u s h  o u t  t h e  
| v i s c o s i m e t e r  w i t h  0 0 g .  I t  i s  t r u e  t h a t  COp w i l l  t e n d  
t o  l e a v e  t h e  b l o o d  a n d  p a s s  i n t o  e q u i l i b r i u m  w i t h  t h e  
a i r ,  b u t ,  a s  we a r e  c o n c e r n e d  w i t h  a n y  a m o u n t  o f  CO 
a n d  n o t  a n y  s p e c i f i c  a m o u n t  o f  CJOg , t h i s  i s  a  m a t t e r  
I o f  n o  i m p o r t a n c e .
I n  a  s u c c e s s i o n  o f  t h r e e  e x p e r i m e n t s ,  t h e  f o l l o w i n g  
r e s u l t s  w e r e  o b t a i n e d : -
B e f o r e . A f t e r .
Ox ( l )  . 0 1 7 2  . 0 1 7 4
( 2 )  . 0 1 6 9  . 0 1 7 4
( 3 )  . 0 1 7 1  . 0 1 7 2
I t  w i l l  b e  o b s e r v e d  t h a t  t h e r e  i s  n o  s i g n i f i c a n t
d i f f e r e n c e  i n  t h e  v i s c o s i t y  b e f o r e  a n d  a f t e r  t h e  p a s s a g e  
o f  C 02 .
On e x a m i n a t i o n  o f  t h e  s u s p e n s i o n s  u n d e r  t h e  m i c r o ,  
g c o p e  we o b s e r v e d  t h a t  t h e  c e l l s  w e r e  p r e s e n t  i n  t h e  
s p h e r i c a l  f o r m  w h i c h  r e s u l t s  f r o m  s u s p e n s i o n  o f  r e d  
c e l l s  i n  s a l i n e .
When t h e  c e l l s  a r e  i n  t h e  s p h e r i c a l  f o r m  i t  i s  
i m p o s s i b l e  f o r  t h e m  t o  c h a n g e  i n  s h a p e  a s  t h e  r e s u l t  
o f  t h e  a c t i o n  o f  CO a n d  a l s o  v e r y  d i f f i c u l t  f o r  themo
t o  c h a n g e  a p p r e c i a b l y  i n  v o l u m e .
M o r e o v e r ,  t h e r e  b e i n g  n o  b u f f e r i n g  s a l t s  p r e s e n t  
i n  t h e  s a l i n e  s u s p e n s i o n ,  t h e  C 0o m e r e l y  p a s s e s  i n t o  
s o l u t i o n  a n d  t h e r e f o r e  m u s t  h a v e  a n  e n t i r e l y  d i f f e r e n t
e f f e c t  /
58.
e f f e c t  t o  t h a t  w h i c h  i t  m u s t  h a v e  w h e n  p a s s e d  i n t o  
t h e  b l o o d .
( b )  The  sam e  e x p e r i m e n t  u s i n g  w h o l e  d e f i b r i n a t e d
ox  b l o o d .
COg w as  a g a i n  p a s s e d  t h r o u g h  t h e  b l o o d  a t  
a  s l o w  r a t e ,  t o  a v o i d  e x c e s s i v e  f r o t h i n g  a n d  t h e  
v i s c o s i t y  m e a s u r e d ,  b e f o r e  a n d  a f t e r .
Th© f o l l o w i n g  a r e  t h e  r e s u l t s : -
B e f o r e  GOg A f t e r  Q0o
Ox ( l )  . 0 4 3 2  . 0 4 3 5
( 2 )  . 0 4 3 4  .04-37
( 3 )  . 0 4 3 1  . 0 4 3 8
A g a i n  i t  w i l l  b e  n o t e d  t h a t  t h e  d i f f e r e n c e s  a r e  
g o  s m a l l  a s  t o  be  s c a r c e l y  s i g n i f i c a n t .  The d e d u c t i o n  
t o  b e  d r a w n  f r o m  t h i s  i s : -
( a )  t h a t  t h e  v i s c o s i t y  o f  t h e  p l a s m a  i s  n o t  
a l t e r e d  b y  t h e  p a s s a g e  o f  0 0 ?  a n d  t h i s  i s  
i n  a g r e e m e n t  w i t h  B u r t o n - O p i t z .
( b )  t h a t  t h e  v i s c o s i t y  o f  t h e  c o r p u s c u l a r  c o n t e n t  
i s  n o t  a l t e r e d .
( c )  t h a t  t h e  v o l u m e  o f  t h e  c o r p u s c u l a r  p h a s e  
r e m a i n s  t h e  s a m e .
T h i s  i s  i n  a g r e e m e n t  w i t h  t h e  f i n d i n g s  o f  J o f f r e  
a n d  P o u l t o n  a n d  w i t h  t h e  v e r y  e l a b o r a t e  i n v e s t i g a t i o n  
o f  D r y e r r e ,  M i l l a r  a n d  P o n d e r ,  i n  w h i c h  i t  h a s  b e e n  
s h o w n  t h a t  t h e  s i z e  o f  t h e  c e l l s  d o e s  n o t  a l t e r  e v e n  i n  
t h e /
59.
t h e  p r e s e n c e  o f  0 0 ^  t e n s i o n s  u p  t o  80 mm.
By i n  v i t r o  e x p e r i m e n t s  we w e r e  u n a b l e  t o  show 
t h a t  0 0 g  h a s  a n y  e f f e c t  on  t h e  v i s c o s i t y  o f  t h e  b l o o d .
The  r e s u l t  o b t a i n e d  b y  B u r t o n _ 0 p i t z  was  o b t a i n e d  
i n  v i v o  a n d  i s  o p e n  t o  a  v e r y  s i m p l e  e x p l a n a t i o n .
I t  h a s  b e e n  sh o w n  b y  B a r c r o f t  t h a t  t h e  r e s u l t  o f  t h e  
a d m i n i s t r a t i o n  o f  0 0 ^  i s  t o  c a u s e  t h e  s p l e e n  t o  p o u r  
o u t  i n t o  t h e  b l o o d - s t r e a m  a  l a r g e  n u m b e r  o f  r e d - c e l l s ,  
w i t h  t h e  r e s u l t  t h a t  t h e  r e d - c e l l  c o n t e n t  may i n c r e a s e  
f r o m  10$  t o  2 0 $ .
S u c h  a n  i n c r e a s e  i n  t h e  v o l u m e  o f  t h e  c o r p u s c u l a r  
p h a s e  w i l l  o f  c o u r s e  a c c o u n t  f o r  t h e  i n c r e a s e  i n  
v i s c o s i t y  a n d  a t  t h e  s am e  t i m e  f o r  t h e  a b s e n c e  o f  a n y  
e f f e c t  o f  C 0p i n  v i t r o ,  w h e r e  t h e  c o r p u s c u l a r  c o n t e n t  
i s  q u i t e  f i x e d »
( 2 )  The  e f f e c t  o f  h y p o t o n i c  s a l i n e .
One o f  t h e  e a s i e s t  m e t h o d s  o f  a l t e r i n g  c e l l  
v o l u m e  i s  b y  m e a n s  o f  h y p o t o n i c  s a l i n e .  The  b l o o d  o f  
a n  a n i m a l ,  m an ,  w as  s e l e c t e d  a n d  a  16$ s u s p e n s i o n  made  
u p  i n  i s o t o n i c  ( . 8 $ )  N a C l .  The  c e l l s  a r e  n e c e s s a r i l y  
i n  t h e  s p h e r i c a l  f o r m .
E q u a l  v o l s .  o f  t h i s  s u s p e n s i o n  w e r e  t h e n  m i x e d  wiij,h 
s o l u t i o n s  o f  h y p o t o n i c  s a l i n e ,  s o  t h a t  t h e  r e s u l t i n g  
8 $  s u s p e n s i o n s  w e r e  i n  . 8 $ ,  . 7 $ ,  . 6 $ ,  . 5 $  a n d  . 4 $
N a C l .  S o l u t i o n s  m o re  h y p o t o n i c  w e r e  f o u n d  t o  p r o d u c e  
h a e m o l y s i s  o f  some o f  t h e  c e l l s .
T h e /
The  v i s c o s i t i e s  o f  t h e  sfa s u s p e n s i o n s  w e r e  t h e n  
m e a s u r e d  i n  t h e  u s u a l  w a y .
T o n i c i t y . B e l .  V i s e . A b s .  V i s e .
. 8  2 . 3 2  . 0 2 0 9
. 7  2 . 3 7  . 0 2 1 3
. 6  2 . 2 9  . 0 2 0 6
. 6  2 . 2 7  . 0 2 0 4
. 4  2 . 3 0  . 0 2 0 7
I t  w i l l  b e  s e e n  t h a t  w i t h i n  t h e  r a n g e  o f  e x p e r i -  
m e n t a l  e r r o r  t h e r e  i s  l i t t l e  c h a n g e  i n  t h e  v i s c o s i t y .  
T h i s  i s  r a t h e r  s u r p r i s i n g  f o r  we s h o u l d  e x p e c t  t h e  
i n c r e a s e  i n  t h e  s i z e  o f  t h e  c e l l s  t o  i n c r e a s e  t h e  
v i s c o s i t y ,  b u t  we m u s t  r e m e m b e r  t h a t  t h e  p a s s a g e  o f  
w a t e r  i n t o  t h e  c e l l s  d e c r e a s e s  t h e  v i s c o s i t y  o f  t h e  
c e l l  c o n t e n t s ,  w h i c h  f a c t o r  p l a y s  a n  i m p o r t a n t  p a r t  i n  
t h e  t o t a l  v i s c o s i t y .
The  a d d i t i o n  o f  w a t e r  t o  t h e  s a l i n e  c a u s e s  v e r y  
l i t t l e  d i f f e r e n c e  i n  i t s  v i s c o s i t y ,  f o r  t h e  v i s c o s i t y  
o f  s a l i n e  i s  v e r y  n e a r  t h a t  o f  w a t e r .
SECTION V . I n  t h i s  s e c t i o n  we s h a l l  d e a l  w i t h  t h e
e f f e c t  o f  t h e  s h a p e  o f  t h e  r e d - c e l l  a s  a  
f a c t o r  i n  t h e  v i s c o s i t y  o f  b l o o d .
I t  i s  w e l l - k n o w n  t h a t  r e d _ c e l l s  c a n  e x i s t  i n  tw o  
n o r m a l  f o r m s  ( l )  D i s c o i d a l  f o r m  i n  w h i c h  t h e y  e x i s t  
i n /
61
i n  t h e  b l o o c L s t r e a m .  ( 2 ) S p h e r i c a l  f o r m  s u c h  a s  t h e y
p o s s e s s  i n  i s o t o n i c  s a l i n e .
I n  t h e  d i s c o i d a l  f o r m  t h e  d i a m e t e r  o f  hum an  c a l l s
i s  8 . 8  a n d  i n  t h e  s p h e r i c a l  f o r m  5 , 6  i  . I n  e a c h
c a s e  t h e  v o l u m e  i s  t h e  s a m e ,  H O  uJ* . I n  t h e  c a s e  o f
t h e  c e l l s  o f  a n y  o t h e r  a n i m a l  t h e  r a t i o
d i a m e t e r  o f  s p h e r i c a l  f o r m  
d i a m e t e r  o f  d i s c o i d a l  f o r m
w i l l  h e  t h e  s a m e ,  i . e .  ~*-6- .
* 8 . 8
We h a v e  a l r e a d y  p o i n t e d  o u t  i n  t h e  t h e o r e t i c a l  
c o n s i d e r a t i o n s  t h a t  t h e  f o r m  w i l l  h a v e  a n  e f f e c t  o n  t h e  
v i s c o s i t y ,  f o r  t h e  c e l l s  i n  t h e  f l a t  d i s c o i d a l  s t a t e  
a r e  i n  t h e  m o s t  s t a b l e  p o s i t i o n ,  t h e r e f o r e  i n  t h e  b e s t  
p o s i t i o n  t o  r e s i s t  d e f o r m a t i o n .
I n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  f o r m  on■
I v i s c o s i t y  we h a v e  c a r r i e d  o u t  t h e  f o l l o w i n g  e x p e r i m e n t .
A s u s p e n s i o n  o f  c e l l s  i s  p r e p a r e d  i n  . 8 8 $  NaCI 
s u c h  t h a t  t h e  s t r e n g - t h  o f  t h e  s u s p e n s i o n  I s  16$ a n d  i t s  
v i s c o s i t y  m e a s u r e d .
A n o t h e r  s u s p e n s i o n  o f  c e l l s  o f  i d e n t i c a l  s t r e n g t h  
i s  p r e p a r e d  i n  .88$  N a C l  w i t h  t h e  a d d i t i o n  o f  1$ 
Ammonium C h l o r i d e .  The  e f f e c t  o f  t h e  a d d i t i o n  o f  
Ammonium C h l o r i d e  i s  t o  r e n d e r  t h e  c e l l s  o f  t h e  s u s ­
p e n s i o n  p e r m a n e n t l y  d i s c o i d a l .  The v i s c o s i t y  o f  t h i s  
16$  s u s p e n s i o n  i s  a l s o  m e a s u r e d .
C e l l s .  /
62.
C e l l s . Form . - X
Human d i s c o i d a l . 0 2 0 9
s p h e r i c a l . 0 2 0 3
Ox d i s c o i d a l . 0 1 8 4
s p h e r i c a l . 0 1 7 1
S h e e p d i s c o i d a l . 0 1 5 6
s p h e r i c a l . 0 1 4 9
I n  e a c h  c a s e  t h e  v i s c o s i t y  o f  t h e  s u s p e n s i o n  o f  
s p h e r i c a l  c e l l s  was  v e r y  s l i g h t l y  l e s s  t h a n  t h a t  o f  
; t h e  s u s p e n s i o n  c o n t a i n i n g  t h e  c e l l s  i n  t h e  d i s c o i d a l  
f o r m .  The d i f f e r e n c e  i s  h o w e v e r  n o t  v e r y  m a r k e d .
j
SECTION V I .  E f f e c t  o f  R o u l e a u x  F o r m a t i o n .
I n  d e f i b r i n a t e d  b l o o d  a s  n o r m a l l y  u s e d  
t h e r e  i s  a  g r e a t  d e a l  o f  r o u l e a u x  f o r m a t i o n ,  t h e  c e l l s  
b e i n g  c o l l e c t e d  t o g e t h e r  i n  l o n g  c o l u m n s  o f  t w e n t y  o r  
m o r e .  A c c o r d i n g l y  i n v e s t i g a t i o n s  w e r e  c a r r i e d  o u t  t o  
d e t e r m i n e  t h e  e f f e c t  o f  t h e s e  p h e n o m e n a  on  v i s c o s i t y .
( l )  A g g l u t i n a t i o n .
A g g l u t i n a t i o n  i s  t h e  a g g r e g a t i o n  o f  c e l l s  
i n  m a s s e s  o f  r o u g h l y  s p h e r i c a l  f o r m .  T h e s e  m a s s e s  may 
a t t a i n  l a r g e  s i z e  a n d  b e  q u i t e  r e a d i l y  v i s i b l e  t o  t h e  
n a k e d  e y e .
As a  m e a n s  o f  a g g l u t i n a t i o n  t h e  t o x . - a l b u m i n
R i c i n  w a s  u s e d .  
i o c . /
S3.
i
1 c c .  o f  a  i  i n  1 0 , 0 0 0  d i l u t i o n  o f  R i c i n  i s  q u i t e  
s u f f i c i e n t  t o  a g g l u t i n a t e  10 c c .  o f  c e l l  s u s p e n s i o n  i n  
a  f e w  m i n u t e s ,  i n  t h e  i n c u b a t o r  a t  3 7 ° 0 .  T h i s  q u a n t i t y  
o f  r i c i n  h a s  a  n e g l i g i b l e  e f f e c t  o n  t h e  v i s c o s i t y  o f  
s a l i n e .
M e a s u r e m e n t  o f  t h e  v i s c o s i t y  o f  a  16$ s u s p e n s i o n  
o f  c e l l s  b e f o r e  a n d  a f t e r  a g g l u t i n a t i o n
B e f o r e .  A f t e r .
Man ( 1 ) . 0 2 1 4 . 0 1 2 0
( s ) . 0 2 0 8 . 0 1 1 3
Ox ( 1 ) . 0 1 8 3 . 0 1 0 2
( s ) . 0 1 8 6 . 0 1 0 3
( 3 ) . 0 1 7 3 . 0 0 9 9
We f i n d  f r o m  t h e  a b o v e  e x p e r i m e n t s  t h a t  t h e  
s u s p e n s i o n s  a f t e r  a g g l u t i n a t i o n  sh o w  a  much  l o w e r  
v i s c o s i t y  t h a n  b e f o r e .
T h i s  i 3  p r e s u m a b l y  d u e  t o  t h e  c e l l s  b e i n g  c o l l e c t e  
i n t o  c o m p a r a t i v e l y  f e w  l a r g e  m a s s e s ,  i n s t e a d  o f  a  l a r g e  
n u m b e r  o f  s m a l l e r  m a s s e s .
T h e  f l o w  o f  t h e  f l u i d  i s  i n t e r f e r e d  w i t h  t o  a  
m u ch  l e s s e r  e x t e n t  b y  t h e  f i r s t  c o n d i t i o n  t h a n  b y  t h e  
s e c o n d .
( 2 )  R o u l e a u x  F o r m a t i o n .
The  o n l y  know n  m e t h o d  o f  p r o d u c i n g  t i m e  
r o u l e a u x  f o r m a t i o n  e x p e r i m e n t a l l y  i s  t h a t  d e s c r i b e d  
b y  S e l l a r d s  w h i c h  i s  a d a p t e d  t o  o u r  p u r p o s e  a s  f o l l o w s .
A /
64.
A s a m p l e  o f  d e f i b r i n a t e d  b l o o d  i s  t a k e n  a n d  d i v i d e d  
i n t o  tw o  p o r t i o n s .  The  v i s c o s i t y  o f  o n e  p o r t i o n  i s  
m e a s u r e d .  A s e c o n d  p o r t i o n  i s  t r e a t e d  i n  o r d e r  t o  p r o ­
d u c e  r o u l e a u x  f o r m a t i o n .  The  c e l l s  a r e  f i r s t  c e n t r i -  
f u g a l i s e d  down, t h e  s u p e r n a t a n t  s e r u m  i s  p i p e t t e d  o f f  
a n d  h e a t e d  t o  5 6 ° C . f o r  15 t o  50  m i n u t e s  a s  i n  t h e  
i n a c t i v a t i o n  o f  c o m p l e m e n t .
The s e r u m  i s  t h e n  a d d e d  t o  t h e  r e d  c e l l s  f r o m  
w h i c h  i t  i s  r e m o v e d  a n d  t h e  w h o l e  s h a k e n  u p .  M a r k e d  
r o u l e a u x  o c c u r s  w i t h i n  15 m i n u t e s .  The  v i s c o s i t y  o f  
t h e  s a m p l e  i n  w h i c h  t h e  r o u l e a u x  a r e  p r e s e n t  i s  t h e n  
d e t e r m i n e d  a n d  c o m p a r e d  w i t h  t h a t  o f  t h e  o t h e r  s a m p l e .
The  f o l l o w i n g  r e s u l t s  show t h e  e f f e c t  o f  r o u l e a u x
f o r m a t i o n .
1 s t  s a m p l e . 2 n d  s a m p l e .
Ox ( 1 ) . 0 1 8 2 . 0 1 6 4
( 2 ) . 0 1 7 6 . 0 1 5 9
S h e e p ( 1 ) . 0 1 5 3 . 0 1 3 4
( 2 ) . 0 1 4 6 . 0 1 2 9
H o r s e ( 1 ) . 0 1 2 1 . 0 1 0 9
( 2 ) . 0 1 1 8 . 0 1 0 6
I n  f o u r  c a s e s  o u t  o f  t h e  s i x  t h e  e f f e c t  o f  m a r k e d  
r o u l e a u x  f o r m a t i o n  was  t o  d i m i n i s h  t h e  v i s c o s i t y  b u t  
n o t  t o  a  v e r y  g r e a t  e x t e n t .  I n  o n e  c a s e  t h e  v i s c o s i t y  
w a s  l e s s e n e d  m a r k e d l y  a s  i f  a g g l u t i n a t i o n  h a d  o c c u r r e d  
a n d  i n  t h e  s i x t h  c a s e  a  s l i g h t  i n c r e a s e  i n  v i s c o s i t y  
t o o k  p l a c e .
The/
6 5 .
Th9 i n f l u e n c e  o f  r o u l e a u x  f o r m a t i o n  c a n  b e  a t t r i b u .  
t e d  t o  t h r e e  f a c t o r s  a s  f o l l o w s : -
( 1 )  The  c e l l s  t e n d  t o  be  p r e s e n t  i n  l a r g e  c l u m p s  
a n d  t h u s  l e s s e n  t h e  v i s c o s i t y .
( 2 )  B e i n g  i n  l o n g  c y l i n d e r s  t h e y  c a n n o t  l i e  n e a r  
t h e  w a l l  o f  t h e  t u b e .
( 3 )  R o u l e a u x  a r e  a l w a y s  c o l l i d i n g  w i t h  o n e  a n o t h e  
w h i c h  p r o d u c e s  t h e  e f f e c t  o f  a  d i s o r d e r l y  f l o w  i n  t h e  
f l u i d  w h i c h  m e a n s  a n  i n c r e a s e d  v i s c o s i t y  i s  o b s e r v e d .
T h e  n e x t  s e c t i o n  c o n c e r n s  a  m a t t e r  w h i c h  c a n n o t  
b e  a d e q u a t e l y  t r e a t e d  u n d e r  a n y  o f  t h e  p r e v i o u s  s e c t i o n
SEOTIOiN V I I .  E f f e c t  o f  h a e m o l y s i s  o n  v i s c o s i t y .
T h i s  s u b j e c t  was  f i r s t  i n v e s t i g a t e d  b y  
B u r t o n _ O p i t z  a n d  D e t t e r m a n n .  The  p a r t i c u l a r  f o r m  o f  
h a e m o l y s i s  w h i c h  t h e y  c o n s i d e r e d  w as  h a e m o l y s i s  b y  
f r e e z i n g  a n d  t h a w i n g .  B u . r t o n _ O p i t z  f o u n d  t h a t  t h e  
v i s c o s i t y  o f  l a k e d  b l o o d  w as  l e s s  t h a n  n o r m a l .  
D e t t e r m a n n  on  t h e  o t h e r  h a n d  f o u n d  t h a t  i t  w as  m o re  
v i s c o u s  a n d  a t t r i b u t e d  t h i s  r e s u l t  t o  t h e  r e d  c e l l s  
c o n t a i n i n g  h i g h l y  v i s c o u s  s u b s t a n c e s  w h i c h  w e r e  r e s ­
p o n s i b l e  f o r  t h e  g r e a t e r  v i s c o s i t y  o f  l a k e d  b l o o d .  
B u r t o n - O p i t z  c o n t i n u i n g  t h e  i n v e s t i g a t i o n  f o u n d  t h a t  
t h e  e s s e n t i a l  p o i n t  w a s ,  t h a t  i f  t h e  c e l l  e n v e l o p e s  
w e r e  a l l o w e d  t o  d e p o s i t  o u t  o r  w e r e  c e n t r i f u g a l i s e d  
o u t ,  /
s .
o u t ,  t h e  v i s c o s i t y  o f  t h e  l a k e d  b l o o d  b e c o m e s  l e s s ,  
w h e r e a s  i f  t h e s e  w e r e  l e f t ,  t h e  v i s c o s i t y  b e c a m e  g r e a t e r .
We p e r f o r m e d  e x p e r i m e n t s  t o  d e c i d e  t h e  e f f e c t  o f  
t h e  f o l l o w i n g  f a c t o r s : -
( 1 )  E f f e c t  o f  l a k i n g  b y  f r e e z i n g  a n d  t h a w i n g  
t h e  b l o o d .
( 2 )  E f f e c t  o f  l a k i n g  b y  a d d i t i o n  o f  s a p o n i n .
( 3 )  E f f e c t  o f  l a k i n g  b y  m e a n s  o f  c o m p l e m e n t  a n d
I
immune b o d y .
( l )  To l a k e  t h e  b l o o d  b y  f r e e z i n g  a n d  t h a w i n g  was  
p e r f o r m e d  a s  d e s c r i b e d  i n  a  p r e v i o u s  e x p e r i ­
m e n t  b y  f r e e z i n g  t h e  b l o o d  i n  a  f r e e z i n g  
m i x t u r e .  When t h o r o u g h l y  f r o z e n ,  t h e  t u b e  
c o n t a i n i n g  t h e  b l o o d  w as  p l u n g e d  i n t o  warm w a t e r .
T h i s  p r o c e s s  w as  r e p e a t e d  t h r e e  t i m e s ,  b y  w h i c h  t i m e  
a l l  t h e  c e l l s  w e r e  d i s i n t e g r a t e d .
The  v i s c o s i t y  o f  b l o o d  l a k e d  i n  t h i s  m a n n e r  w a s  
i n v a r i a b l y  f o u n d  t o  b e  g r e a t e r  t h a n  t h a t  o f  t h e  u n -  
h a e m o l y s e d  b l o o d .  The  f o l l o w i n g  r e s u l t s  a r e  e x a m p l e s  
o f  t h i s .
b e f o r e .  a f t e r .
Ox ( 1 ) . 0 4 8 6 . 0 5 5 8
( 2 ) . 0 4 7 2 . 0 5 1 2
S h e o p ( 1 ) . 0 4 0 5 . 0 4 9 2
( 2 ) . 0 4 2 3 . 0 5 0 1
H o r s e ( 1 ) . 0 4 5 2 . 0 5 1 2
( 2 ) . 0 4 4 1 . 0 5 0 9
T h i s  t h e r e f o r e  c o n f i r m s  D e t t e r m a n n ’ s  o b s e r v a t i o n s .
T h e  i n c r e a s e  o f  v i s c o s i t y  a p p e a r s  t o  b e  d u e  t o  t h e  
u n i f o r m  d i s t r i b u t i o n  o f  h a e m o g l o b i n ,  f o r ,  s i n c e  t h e  
c e l l s  o c c u p y  3 0 $  o f  t h e  v o l u m e  o f  t h e  b l o o d ,  a n d  s i n c e
t h e  h a e m o g l o b i n  i n  t h e m  i s  i n  3 0 $  c o n c e n t r a t i o n ,  t h e
.
c o n c e n t r a t i o n  o f  h a e m o g l o b i n  l i b e r a t e d  o n  c o m p l e t e  
l a k i n g  i s  n o  l e s s  t h a n  1 0 $ .  T h i s  a m o u n t  o f  p r o t e i n  
: a d d e d  t o  t h e  6$  o f  s e r u m  p r o t e i n s  a l r e a d y  p r e s e n t  i s  
s u f f i c i e n t  t o  a c c o u n t  f o r  t h e  h i g h  v i s c o s i t y  o f  t h e  
b l o o d .
( 2 )  S a p o n i n .
\
T h e  m e t h o d  a d o p t e d  w as  t o  a d d  s o l i d  
g a p o n i n  t o  t h e  b l o o d  i n  q u a n t i t i e s  o f  1 mgm. p e r  c c .
| u p w a r d s .
S m a l l  q u a n t i t i e s  o f  s a p o n i n  d o  n o t  c o m p l e t e  h a e m o ­
l y s i s  b u t  a s  l a r g e r  q u a n t i t i e s  a r e  u s e d ,  c o m p l e t e  
h a e m o l y s i s  may b e  o b t a i n e d .
I n  t h e s e  c a s e s  i n  w h i c h  i n c o m p l e t e  h a e m o l y s i s  r e _  j 
s u i t e d ,  t h e  d e g r e e  o f  h a e m o l y s i s  was  r o u g h l y  e s t i m a t e d .  
The  f o l l o w i n g  a r e  r e s u l t s  a t  3 5 ° 0 .




S a p o n i n .
Amount
h a e m o l y s i s .
- V
.5  ragms p e r  1 c c  o f  b l o o d 0 . 0 4 2 6
1 . 0 t r . . 0 4 3 3
2 . 0 M . 0 4 5 1
3 . 0 V M . 0 4 7 2
4 . 0 0 . 0 4 9 3
5 . 0 0 . 0 4 9 9
0 . 0 0 . 0 5 1 2
7 . 0 0 . 0 5 1 8
8 . 0 0 . 0 5 2 4
9 . 0 c . 0 5 2 9
1 0 . 0 0 . 0 5 3 3
1 2 . 0 0 . 0 5 4 1
1 4 . 0 0 . 0 5 5 2
1 6 . 0 0 . 0 5 5 9
1 8 . 0 0 . 0 5 6 7
2 0 . 0 c . 0 5 7 5
Fro m  t h i s  e x p e r i m e n t  we d r a w  t h e  f o l l o w i n g  c o n _  
e l u s i o n s
( 1 )  V i s c o s i t y  i n c r e a s e s  s t e a d i l y  f r o m  n o  h a e m o ­
l y s i s  t o  c o m p l e t e  h a e m o l y s i s .
( 2 )  E v e n  a f t e r  c o m p l e t e  h a e m o l y s i s  f u r t h e r  
a d d i t i o n s  o f  3 a p o n i n  c a u s e  i n c r e a s e  o f  
v i s c o s i t y .
The  f i r s t  e f f e c t  i s  e a s i l y  e x p l a i n e d  o n  t h e  same 
g r o u n d s  a s  t h o s e  g i v e n  b y  D e t t e r m a n n .  The  s e c o n d  
e f f e c t  h o w e v e r  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .
69 .
I n  t h e  c a s e  o f  c o m p l e m e n t  a m b o c e p t o r  r e ­
a c t i o n s  t h e  s m a l l e s t  a m o u n t  o f  c o m p l e m e n t  w h i c h  w i l l
'
c a u s e  l y s i s  o f  a  g i v e n  q u a n t i t y  o f  s e n s i t i z e d  c e l l s  
m u s t  f i r s t  b e  d e t e r m i n e d .
A s u s p e n s i o n  o f  Ox r e d  c e l l s  was  m ade  u p  i n  
. 8 5 % s a l i n e .  To 100  c c .  o f  t h i s  w as  a d d e d  1 . 5  c c .  o f  
immune b o d y  p r e p a r e d  b y  i m m u n i s i n g  a  r a b b i t  w i t h  i n ­
c r e a s i n g  d o s e s  o f  ox  c e l l s .  The  c e l l  s u s p e n s i o n  a n d  
immune b o d y  w as  t h e n  a l l o w e d  t o  s t a n d  a t  ro o m  t e m p e r a ­
t u r e  f o r  o n e  h o u r i
A s e r i e s  o f  t u b e s  w e r e  n e x t  s e t  u p  a n d  i n t o  e a c h  
t u b e  f i v e  c c .  o f  t h e  a b o v e  s e n s i t i s e d  ox  c e l l  s u s p e n s i o n  
w a s  p l a c e d .
To e a c h  t u b e  w as  n e x t  a d d e d  v a r y i n g  a m o u n t s  o f  
c o m p l e m e n t  s t a r t i n g  w i t h  . 0 4  c c .  a n d  r i s i n g  b y  . 0 4  t o  
. 2  o c .
C o m p l e t e  l y s i s  w a s  f o u n d  t o  t a k e  p l a c e  w i t h  0 . 1  cc  
o f  c o m p l e m e n t .
.
The  v i s c o s i t y  o f  t h e  l a k e d  b l o o d  i n  t h i s  t u b e  w as
.
t h e n  d e t e r m i n e d .
T h e  s a m e  e x p e r i m e n t  w a s  p e r f o r m e d  w i t h  s h e e p  c e l l s  
| a n d  s h e e p  immune b o d y ,  a n d  t h e  v i s c o s i t y  o f  t h e  l a k e d  
b l o o d  d e t e r m i n e d .  The  r e s u l t s  w e r e  a s  f o l l o w s
(3) Effect of complement and immune body.
Ox. /
70.
B ef o lg e .  A f t e r .
Ox ( 1 ) . 0 4 7 7 . 0 6 2 3
( 2 ) . 0 4 6 9 . 0 6 0 6
S h e e p ( l ) . 0 4 1 2 . 0 4 9 8
( 2 ) . 0 4 1 8 . 0 6 0 6
I t  w i l l  b e  s e e n  f r o m  t h e s e  r e s u l t s  t h a t  t h e  
v i s c o s i t y  i s  g r e a t e r  a f t e r  t a k i n g  o f  t h e  c e l l s .  T h i s  
r e s u l t  c a n  s c a r c e l y  b e  d u e  t o  t h e  a d d i t i o n  o f  t h e  v e r y  
s m a l l  a m o u n t s  o f  immune b o d y  o r  c o m p l e m e n t  w h i c h  a r e  
p r e s e n t .  I n  t h e  c a s e  o f  c o m p l e m e n t  t h e  c o n c e n t r a t i o n  
i s  o n l y  2fo a n d  o f  immune b o d y ,  l .  5 The  l a r g e  i n ­
c r e a s e  i n  v i s c o s i t y  m u s t  n e c e s s a r i l y  a g a i n  b e  d u e  t o  
t h e  i n c r e a s e d  d i s t r i b u t i o n  o f  h a e m o g l o b i n  i n  t h e  f l u i d .
7 1 .
MATHEMATICAL CONSIDERATIONS.
W h i l e  i t  i s  p o s s i b l e  t o  a p p l y  m a t h e m a t i c a l  t r e a t ­
m e n t  t o  t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  w i t h  a n y  o n e  
c o m p o n e n t  o f  t h e  t o t a l  b l o o d ,  i t  i s  q u i t e  i m p o s s i b l e  
t o  d o  s o  w i t h  t h e  w h o l e  b l o o d  i t s e l f .  A l t h o u g h  t h i s
i s  t h e  c a s e  t h e r e  a r e  m any  t h e o r e t i c a l  p o i n t s  w h i c h
<*■
a r e  o f  i n t e r e s t  b o t h  i n  c o n n e c t i o n  w i t h  r e s u l t s  a n d  
m e t h o d s .
A m o s t  e x c e l l e n t  t r e a t m e n t  o f  t h e  s u b j e c t  i s  t o  
b e  f o u n d  i n  " L a  V i s c o s i t e "  b y  B r i l l o u i n .
P o i s e u i l l e ’ s  l a w  c a n  b e  e x p r e s s e d  a s  f o l l o w s : -
T  *  I fI  K  £
w h e r e  ^  i s  t o t a l  o u t f l o w
i s  a  c o n s t a n t  f o r  t h e  l i q u i d  
i s  t h e  l e n g t h  o f  t h e  t u b e  o f  
d i a m e t e r  . 
a n d  P i s  t h e  d i f f e r e n c e  o f  t h e  p r e s ­
s u r e  a t  t h e  tw o  e n d s  o f  t h e  
t u b e .
T h e  c o e f f i c i e n t  K  i s  r e l a t e d  t o  t h e  v i s c o s i t y  c o ­
e f f i c i e n t  ^  i n  a  m a n n e r  w h i c h  may b e  d e d u c e d  f r o m  t h e  
f o l l o w i n g  t h e o r e t i c a l  c o n s i d e r a t i o n s .
T a k e  t h e  c a s e  o f  a  c i r c u l a r  t u b e  f o r  w h i c h  we m u s t  
c a l c u l a t e  t h e  o u t f l o w  f r o m  t h e  w h o l e  c r o s s - s e c t i o n  o f  
t h e  /
t h e  t u b e .  The  f l o w  a c r o s s  a  s t r i p  c o n t a i n e d  b e t w e e n  
tw o  c i r c l e s  o f  r a d i u s  -T a n d  -T +  ¿-r i s  7t 7-,
The  t o t a l  o u t f l o w  i s  t h e n
7 2 .
b e i n g  t h e  r a d i u s  o f  t h e  t u b e  a n d  e q u a l  t o  7“  
w h e n  t h e r e  i s  n o  s l i p  a t  t h e  w a l l .
C o n t i n u i n g
2  7 X .P
It- y  £
w h i c h  b e c o m e s
T  = 2 7 t P  - r V —  -  - I ' l
It- -rt ' '  2 -  4 -  /
o r  s u b s t i t u t i n g  t h e  d i a m e t e r  f o r  t h e  r a d i u 3
T  -  K P  (  * *  \
8 V l  V i 6  )
w h e n c e
K U 8 y
K  a n d  a r e  t h u s  e n t i r e l y  i n d e p e n d e n t  o f  t h e  
p r e s s u r e ,  l e n g t h  o r  d i a m e t e r  o f  t h e  t u b e  a n d  i f  
v a l u e s  o f  K  f o r  p u r e  d i s t i l l e d  w a t e r  c a n  be  f o u n d  
we c a n  a l w a y s  f i n d " ^  i n  a b s o l u t e  u n i t s .
T h e s e  v a l u e s  h a v e  b e e n  d e t e r m i n e d  b y  T h o r p e  a n d  
R o g e r ,  P o i s e u i l l e ,  S l o t t e ,  S p r u n g ,  S t e p h a n ,  T r a u b e ,  
a n d  R o s e n k r a n t z .  The o b s e r v a t i o n s  a g r e e  r e m a r k a b l y  
a n d  g i v e  t h e  f o l l o w i n g  v a l u e  f o r  K  a t  d i f f e r e n t  
t e m p e r a t u r e s .
t h e  h e i g h t  o f  t h 9  e f f e c t i v e  c o l u m n  o f  f l u i d  
v a r i e s  f r o m  t h e  b e g i n n i n g  o f  t h e  e x p e r i m e n t  u n t i l  i t s  
e n d  b e c a u s e  t h e  u p p e r  l e v e l  o f  t h e  f l u i d  i s  c o n t i n u a l l y  
f a l l i n g  a n d  t h e  l o w e r  l e v e l  c o n t i n u a l l y  r i s i n g ,  b u t  
i t s  t r u e  v a l u e  h a s  b e e n  s h o w n  t o  b e  t h e  m ean  o f  t h e  
l e v e l s  a t  t h e  b e g i n n i n g  a n d  a t  t h e  e n d  o f  t h e  e x p e r i ­
m e n t .  The  v a l u e  o f  C  i s  s m a l l ,  i t  d e p e n d s  u p o n  t h e  
d i a m e t e r  o f  t h e  c a p i l l a r y  a n d  o n  t h e  c o n s t r u c t i o n  o f  
t h e  i n s t r u m e n t  a s  w e l l  a s  o n  t h e  s u r f a c e  t e n s i o n  o f  
t h e  f l u i d .  I t  i s  i m p o s s i b l e  t o  e v a l u a t e  i t  t h e o r e t i c ­
a l l y  a n d  s c a r c e l y  n e c e s s a r y  t o  do  s o  p r a c t i c a l l y .
T h e r e  a r e  t w o  f u r t h e r  c o n s i d e r a t i o n s  o f  i m p o r t ­
a n c e  e a c h  o f  w h i c h  l i m i t  P o i s e u i l l e ’ s l a w  t o  some 
e x t e n t *
( l )  I n  t h e  n e i g h b o u r h o o d  o f  t h e  e n d s  o f  t h e  
t u b e  t h r o u g h  w h i c h  f l o w  ta f e e s  p l a c e ,  t h e  l i n e s  o f  
f l o w  c e a s e  t o  b e  p a r a l l e l  t o  t h e  a x i s  o f  t h e  t u b e  
b e c a u s e  a t  t h e s e  p o i n t s  t h e  t u b e  w i d e n s  o u t  i n t o  
b u l b s .




As will be seen from the diagram the lines of flow
a t  t h e  e n t r a n c e  o f  t h e  t u b e  a r e  d i f f e r e n t  f r o m  t h o s e
The  c o n s i d e r a t i o n  o f  t h e  m a n n e r  i n  w h i c h  t h i s  
a f f e c t s  t h e  v i s c o s i t y  i s  a  v e r y  d i f f i c u l t  m a t t e r ,  b u t
t h e  f i n a l  r e s u l t  may b e  g i v e n .  The  e f f e c t  i s  t o  t r a n s -
*
f o r m  P o i s e u i l l e ’ s  e x p r e s s i o n  i n t o
c o m p a r e d  t o  "t't a  c o n d i t i o n  w h i c h  i s  s a t i s f i e d  i n  t h e  
O s t w a l d  i n s t r u m e n t .
The  o t h e r  t e r m  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  
t h e  o u t f l o w  a n d  o n l y  b e c o m e s  o f  i m p o r t a n c e  w h e n  t h e  
o u t f l o w  b e c o m e s  g r e a t .  I n  t h e  u s e  o f  t h e  O s t w a l d  
i n s t r u m e n t  i t  i s  h o w e v e r  n e c e s s a r y  t h a t  t h e  o u t f l o w  
s h o u l d  n o t  b e  g r e a t  a n d  h e n c e  t h e  c o r r e c t i o n  t e r m s  a r e  
n o t  r e q u i r e d  i n  p r a c t i c e .
( 2 )  T h e  s e c o n d  l i m i t a t i o n  t o  P o i s e u i l l e ' s  l a w  
a l s o  d e p e n d s  u p o n  t h e  q u a n t i t y  o f  f l u i d  d i s c h a r g e d  i n  
u n i t  t i m e ,  b u t  f o r  a n o t h e r  r e a s o n .  I f  t h e  f l o w  w i t h i n  
t h e  t u b e  b e c o m e s  v e r y  r a p i d ,  i t  may e x c e e d  w h a t  i s  
t e r m e d  t h e  c r i t i c a l  v e l o c i t y .  When t h e  f l u i d  e n t e r s
t h e  t u b e  i t  d o e s  s o  a t  a  c e r t a i n  p r e s s u r e ,  a n d  w h en  i t  
l e a v e s /
a t  t h e  e x i t .
T h e r e  a r e  t h u s  tw o  c o r r e c t i o n  t e r m s  r e q u i r e d .  The
o n e  X s u p p l i e s  t h e  c o r r e c t i o n  f o r  t h e  c u r r e n t s  a t  t h e  
e n t r a n c e  b u t  i s  c l e a r l y  o f  n o  i m p o r t a n c e ,  i f  i s  g r e a t
76.
l e a v e s  i t ,  i t  d o e s  s o  a t  a  s m a l l e r  p r e s s u r e  f o r  e n e r g y  
h a s  b e e n  t r a n s f o r m e d  i n t o  h e a t  d u r i n g  t h e  f l o w .
T h e  d i f f e r e n c e  o f  p r e s s u r e  A  P  i s  p r o p o r t i o n a l  t o  
t h e  r a t e  o f  f l o w  w h e n  t h a t  r a t e  i s  s m a l l ,  h u t  f o r  h i g h  
r a t e s  o f  f l o w  i t  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  
r a t e .  T h e r e  i s  a  c e r t a i n  v a l u e  a t  w h i c h  t h e  s i m p l e  
p r o p o r t i o n a l i t y  c e a s e s  t o  o c c u r  a n d  t h i s  v a l u e  o r  r a t e  
o f  f l o w  i s  c a l l e d  t h e  c r i t i c a l  v e l o c i t y .  I t  h a s  b e e n  
f o u n d  t h a t  b e l o w  t h e  c r i t i c a l  v e l o c i t y  t h e  f l o w  i n  t h e  
t u b e  i s  o r d e r l y ,  w h i l e  a b o v e  t h e  c r i t i c a l  v e l o c i t y  t h e  
j m o t i o n  i s  t u r b u l e n t .  Now a n y  v e l o c i t y  i s  p r o p o r t i o n a l  
t o  some p o w e r  o f  t h e  d e n s i t y  ^ , t h e  v i s c o s i t y  nj  a n d  
t h e  r a d i u s  o f  t h e  t u b e  ^  t h a t  i s
Y .
w h e r e  Vc i s  t h e  c r i t i c a l  v e l o c i t y .
The  d i m e n s i o n s  o f  a  d e n s i t y  a r e  M ^C ~5 , t h o s e  o f  a  
v i s c o s i t y  M / L T  a n d  t h e  d i m e n s i o n s  o f  a  r a d i u s  a r e  
L -  . So  we h a v e
The  c o e f f i c i e n t s  o f  g i v e *  =  o , t h e  c o ­
e f f i c i e n t s  o f  P  g i v e  ^  ~ I v  5C -  - /  a n d  t h e
c o e f f i c i e n t s  o f  u  g i v e  -  —I h e n c e
V £  =  - p r
t h a t  i s ,  t h e  c r i t i c a l  V e l o c i t y  i s  a  f u n c t i o n  o f  v i s ­
c o s i t y  a n d  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  r a d i u s  o f  
t h e /
t h e  t u b e .
F o r  w a t e r  JL e q u a l s  v e r y  n e a r l y  a  t h o u s a n d  a n d  s o  
we h a v e
y  =  !O 0O 7 ,
P  v -
I n  t h e  c a s e  o f  b l o o d  f l o w i n g  t h r o u g h  a  t u b e  o f
1  mm. b o r e  a n d  o f  a  d e n s i t y  p r a c t i c a l l y  u n i t y  t h e
■
c r i t i c a l  v e l o c i t y  i s  t h u s  4 5 0  cm. p e r  s e c .  U n d e r  t h e  
c o n d i t i o n s  o f  t h e  O s t w a l d  v i s c o s i m e t e r  o r d e r l y  f l o w  
w i l l  t h e r e f o r e  a l w a y s  o c c u r ^  f o r  t h i s  v e l o c i t y  n e v e r  
o c c u r s .  I n  t h e  c a s e  o f  e v e n  s m a l l e r  c a p i l l a r i e s  a s  
i n  t h e  b o d y ,  t u r b u l e n t  m o t i o n  w i l l  o c c u r  e v e n  l e s s  
r e a d i l y ,  f o r  t h e  v e l o c i t y  o f  t h e  b l o o d  n e v e r  r e a c h e s  
t h e  s p e e d  o f  4 . 5  m e t r e s  p e r  s e c .
The  f o r e g o i n g  c o n s i d e r a t i o n s  h a v e  t h e i r  b e a r i n g  
p r i n c i p a l l y  u p o n  m a t t e r s  o f  t e c h n i q u e  a n d  u p o n  t h e  u s e  
o f  t h e  O s t w a l d  v i s c o s i m e t e r .  We h a v e  now t o  c o n s i d e r  
c e r t a i n  m a t h e m a t i c a l  e x p r e s s i o n s  w h i c h  h a v e  b e e n  s u g ­
g e s t e d  a s  v a l u a b l e  i n  t h e  d e s c r i p t i o n  o f  e x p e r i m e n t a l  
r e s u l t s .
T h e s e  a r e : -
( 1 )  E i n s t e i n ^  e x p r e s s i o n .
( 2 )  E x p r e s s i o n  o f  H a t s c h e k .
( 3 )  E x p r e s s i o n  o f  A r r h e n i u s .
a l l  r e l a t i n g  v i s c o s i t y  w i t h  v o l u m e  o f  d i s p e r s e  p h a s e .
( l )  E i n s t e i n r s  e x p r e s s i o n  d e d u c e d  f o r  a  s u s p e n s i o n  
o f  s m a l l  r i g i d  s p h e r e s  s e p a r a t e d  w i d e l y  i n  p r o p o r t i o n  
t o /
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t o  t h e i r  r a d i u s  i s
-  y Q ( /  ■+ < p)
W h e r e  'jo  i s  t h e  v i s c o s i t y  o f  t h e  d i s p e r s i o n  m ed ium  yp  
t h a t  o f  t h e  s u s p e n s i o n  <p i s  r a t i o  o f  v o l u m e  o f  s o l i d  
t o  t o t a l  s o l i d  a n d  A  a  c o n s t a n t .  T h i s  i s  a  l i n e a r  
e x p r e s s i o n ,  t h e  v i s c o s i t y  i n c r e a s i n g  w i t h  t h e  c o n c e n t r a  
t i o n .  E i n s t e i n  g i v e s  t h e  v a l u e  2 . 5  f o r  J l .
H a t s c h e k  g i v e s  4 . 5  a n d  B a n c e l i n  g i v e s  2 . 9 .  T h i s  e x p r e s .  
s i o n  d o e s  n o t  h o l d  v e r y  w e l l  i n  p r a c t i c e  a n d  i s  a p p l i c -
I
a b l e  o n l y  t o  s u s p e n s o i d s  c o n t a i n i n g  s m a l l  c o n c e n t r a t i o n  
o f  s o l i d  p h a s e .  I t  o b v i o u s l y  c a n n o t  a p p l y  c o m p l e t e l y  
t o  t h e  v i s c o s i t y  o f  b l o o d  s u s p e n s i o n s  w h e r e  ' ■ » 7 = 5  
a p p r o x .  a n d  w h e r e  'po i s  n o t  g r e a t e r  t h a n  1 . 5  f o r ,  i f  
i t  w e r e  a p p l i c a b l e  P w o u l d  r e q u i r e  t o  b e  g r e a t e r  t h a n  
1 w h i c h  i s  i m p o s s i b l e .
R e c e n t l y  i t  h a s  b e e n  s u g g e s t e d  t h a t  t h e  r e l a t i o n
- n .  (£ ±  £ l
I +
c a n  b e
u s e d  a s  a  p u r e l y  e m p i r i c a l  e x p r e s s i o n  f o r  t h e  v i s c o s i t y  
o f  s u s p e n s o i d s  a n d  e m u l s o i d s .  T he  p r a c t i c a l  a n d  
t h e o r e t i c a l  r e s u l t s  a r e  s a i d  t o  c o r r e s p o n d  t o  a  r e m a r k ­
a b l e  d e g r e e ,  b u t  t h e  e x p r e s s i o n  h a s  n o  a d v a n t a g e  o v e r  
a n y  o t h e r  e x p i r i c a l  f o r m u l a .  I t  w i l l  b e  n o t e d  t h a t  t h i s  
e x p r e s s i o n  t a k e s  n o  a c c o u n t  o f  t h e  s i z e  o f  t h e  i n d i v i d ­




(S) Hatschek's formula. This expression is
t h e  s y m b o l s  h a v i n g  t h e  s am e  m e a n i n g  a s  a b o v e .
The  c u r v e  g i v e n  b y  t h i s  e x p r e s s i o n  i s  h y p e r b o l i c  
i n  a p p e a r a n c e  'Vj i n c r e a s i n g  r a p i d l y  a s  <p a p p r o a c h e s  
u n i t y ,  t h a t  i s ,  a s  t h e  d i s p e r s e  p h a s e  i n c r e a s e s  i n  
v o l u m e .  T h i s  e x p r e s s i o n  d e p e n d s ,  f r o m  a  t h e o r e t i c a l  
p o i n t  o f  v i e w  o n  t h e  s y s t e m  h a v i n g  a  c e r t a i n  " s t r u c t u r e "  
w h i c h  i s  s u p p o s e d  t o  b e  p o l y h e d r a l .  I t  h a s  n o t  b e e n  
f o u n d  t o  b e  a p p l i c a b l e  w i t h  a n y  d e g r e e  o f  a c c u r a c y  t o  
t h e  v i s c o s i t y  o f  b l o o d ,  a l t h o u g h  M u r r a y - L y o n  t h i n k s  
t h a t  i t  i s  u s e f u l .
( 3 )  A r r h e n i u s  h a s  s h o w n  t h a t  t h e  e x p r e s s i o n
r  A c
'h r V
c a n  b e  u s e d  f o r  e x p r e s s i n g  t h e  v i s c o s i t y  o f  m any  s o l s .  
The  e x p r e s s i o n  i s  p u r e l y  e m p i r i c a l  a n d  C  i t s e l f  i s  a  
" m o l e c u l a r  c o n c e n t r a t i o n "  w h i c h  c a n  s c a r c e l y  b e  d e t e r ­
m i n e d .  The  f o r m u l a  f a i l s  f o r  many s o l s ,  y k  b e c o m i n g  
n e g a t i v e  ( O s t w a l d ) .
I t  i s  n o t  s u r p r i s i n g  t h a t ,  a s  t h e  c o n d i t i o n s  i n  
s i m p l e  o r g a n i c  s o l s  a r e  s u c h  a s  t o  d e f y  m a t h e m a t i c a l  
e x p r e s s i o n ,  t h e  c o n d i t i o n s  f o u n d  i n  s u c h  a  c o m p l e x  
s y s t e m  a s  t h a t  o f  b l o o d  s h o u l d  y i e l d  l i t t l e  b e t t e r  
r e s u l t .  I n d e e d ,  a n y  a t t e m p t  t o  c o m b i n e  i n t o  o n e  e x p r e s  
s i o n  t h e  e f f e c t  o f  m any  i n d e p e n d e n t  f a c t o r s  c a n  o n l y  
b e  r e g a r d e d  a s  u n s o u n d .
8 0 .
1 .  A s e r i e s  o f  v i s c o s i t y  d e t e r m i n a t i o n s  o f  o x a l a t e d  
p l a s m a  o f  t h e  r a b b i t ,  o x ,  h o r s e ,  g u i n e a - p i g  a n d  
g o a t ,  s h e e p ,  r a t ,  p i g  a n d  man  a r e  g i v e n .  S p e a k i n g  
g e n e r a l l y  t h e  v i s c o s i t y  o f  s u c h  p l a s m a  i s  a b o u t
1 . 5  t i m e s  t h a t  o f  w a t e r .
2 .  The  v i s c o s i t y  o f  t h e  s e r u m  o f  t h e  sam e  a n i m a l s  i s  
g i v e n .  I t  i s  a b o u t  10% l e s s  t h a n  t h a t  o f  t h e  c o r ­
r e s p o n d i n g  p l a s m a .  T h e  e x p l a n a t i o n  o f  t h i s  f a c t  
l i e s  i n  t h e  r e m o v a l  o f  f i b r i n o g e n .
3 .  T he  e f f e c t  o f  v a r i o u s  a n t i c o a g u l a n t s  o n  t h e  v i s c o s ­
i t y  o f  p l a s m a  w a s  i n v e s t i g a t e d .  S m a l l  q u a n t i t i e s  
o f  o x a l a t e  u p  t o  15 mgms. p e r  5 c c .  h a v e  n o  e f f e c t .  
L a r g e r  q u a n t i t i e s  i n c r e a s e  t h e  v i s c o s i t y  c o n s i d e r ­
a b l y .
4 .  S o d i u m  C i t r a t e  i n f l u e n c e s  t h e  r e s u l t s  s i m i l a r l y  t o  
o x a l a t e .  We h a v e  n o t  b e e n  a b l e  t o  d e t e r m i n e  t h e  
e f f e c t  o f  H i r u d i n .
5 .  T h e  e f f e c t  o f  d i l u t i n g  s e r u m  w i t h  N aCl  i s  t o  
d i m i n i s h  i t s  v i s c o s i t y ,  t h e  d i m i n u t i o n  o c c u r r i n g  
v e r y  r a p i d l y  i n  t h e  l o w e r  d e g r e e s  o f  d i l u t i o n .
6 .  No c o n s t a n t  r e s u l t s  w e r e  o b t a i n e d  o n  h e a t i n g  s e r u m  
t o  B6°C.  I n  some c a s e s  t h e  v i s c o s i t y  w as  s l i g h t l y  
i n c r e a s e d ,  i n  o t h e r s  s l i g h t l y  d i m i n i s h e d .
SUMMARY OF EXPERIMENTAL SECTION.
8 1 .
7 .  An e n d e a v o u r  w as  made t o  o b t a i n  t h e  v i s c o s i t y  o f  t h e  
c o r p u s c u l a r  c o n t e n t s  b y  s e p a r a t i n g  t h e  c e l l  e n v e l o p e  
f r o m  b l o o d  l a k e d  b y  f r e e z i n g  a n d  t h a w i n g .
The  e x p e r i m e n t s  i n d i c a t e  t h a t  t h e  v i s c o s i t y  o f  t h e  
c o n t e n t s  i s  a b o u t  4 . 5  t i m e s  t h a t  o f  w a t e r .  The 
v i s c o s i t y  o f  a  15 $  H a e m o g l o b i n  s o l u t i o n  w as  f o u n d  
t o  b e  2 . 7  t i m e s  t h a t  o f  w a t e r .  The  h i g h  r e s u l t  
f o r  c o r p u s c u l a r  c o n t e n t s  i s  t h e r e f o r e  n o t  s u r p r i s i n ,
8 .  An a t t e m p t  w as  made  t o  f i n d  t h e  v i s c o s i t y  o f  s u s ­
p e n s i o n s  o f  r e d  c e l l  e n v e l o p e s  i n  c o n c e n t r a t i o n  
e q u a l  t o  t h a t  w h i c h  o c c u r s  i n  b l o o d .  The  r e s u l t  
s h o w s  t h a t  t h e  v i s c o s i t y  o f  s u c h  a  s u s p e n s i o n  i s  
a b o u t  l . 5 t i m e s  t h a t  o f  w a t e r .
9 .  T h e  n u m b e r  o f  c e l l s  p r e s e n t  i n  a  s u s p e n s i o n  e x e r ­
c i s e s  a  v e r y  i m p o r t a n t  e f f e c t  o n  t h e  v i s c o s i t y .  
D e t e r m i n a t i o n s  made i n  t h e  c a s e  o f  t h e  h o r s e ,  r a t ,  
p i g ,  r a b b i t ,  g u i n e a - p i g ,  ox  a n d  man  show t h a t  i t  
i s  q u i t e  u s e l e s s  t o  a t t e m p t  t o  o b t a i n  c o n s i s t e n t  
r e s u l t s  i n  d i l u t e  s u s p e n s i o n s .  When s t r o n g e r  s u s ­
p e n s i o n s  a r e  i n v e s t i g a t e d  ( f r o m  3 2 $  t o  4$  ) I t  
i s  f o u n d  t h a t  t h e  v i s c o s i t y  o f  a  s u s p e n s i o n  i n ­
c r e a s e s  w i t h  t h e  c e l l  c o n t e n t  c o m p a r a t i v e l y  s l o w l y  
u n t i l  a b o u t  2 0 $  o f  c e l l s  a r e  p r e s e n t .  T h e r e a f t e r  a  
g r e a t  i n c r e a s e  o c c u r s .
1 0 .  F rom  m e a s u r e m e n t s  o f  t h e  v i s c o s i t y  o f  s u s p e n s i o n s  
o f  e q u a l  n u m b e r s  o f  c e l l s  o f  s h e e p ,  h o r s e ,  o x ,  
g u i n e a - p i g  a n d  m an ,  i t  i s  c o n c l u d e d  t h a t  a s  t h e  
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s i z e  o f  t h e  c e l l  i n c r e a s e s  s o  d o e s  t h e  v i s c o s i t y  
i n c r e a s e .
Th9 p a s s a g e  o f  OOr, t h r o u g h  a  s u s p e n s i o n  o f  r e d -  
c e l l s  d o e s  n o t  a p p r e c i a b l y  a l t e r  t h e  v i s c o s i t y .
The  p a s s a g e  o f  0 0 ?  t h r o u g h  d e f i b r i n a t e d  o x _ b l o o d  
d o e s  n o t  s i g n i f i c a n t l y  c h a n g e  t h e  v i s c o s i t y .
C e l l  s u s p e n s i o n s  i n  s a l i n e  o f  t o n i c i t y  f r o m  . 8 $  
t o  . 4 $  p o s s e s s  t h e  sam e  v i s c o s i t y .
S u s p e n s i o n s  o f  r e d _ c e l l s  i n  t h e  d i s c o i d a l  f o r m  a r e  
a  l i t t l e  m o r e  v i s c o u s  t h a n  s u s p e n s i o n s  o f  c e l l s  i n  
t h e  s p h e r i c a l  f o r m .
The  e f f e c t  o f  a g g l u t i n a t i o n  b y  r i c i n  i s  t o  g r e a t l y  
d i m i n i s h  t h e  v i s c o s i t y  o f  t h e  s u s p e n s i o n .
The  e f f e c t  o f  t h e  m a r k e d  f o r m a t i o n  o f  r o u l e a u x  i s  
t o  d i m i n i s h  t h e  v i s c o s i t y  o f  t h e  b l o o d ,  i n  m o s t  
c a s e s .  O c c a s i o n a l l y  a n  i n c r e a s e  o c c u r s .
L a k i n g  o f  t h e  b l o o d  b y  f r e e z i n g  a n d  t h a w i n g  i n ­
c r e a s e s  t h e  v i s c o s i t y  s l i g h t l y .  L a k i n g  b y  s a p o n i n  
i n c r e a s e s  t h e  v i s c o s i t y  s t e a d i l y  u n t i l  c o m p l e t e  
l a k i n g  o c c u r s .  F u r t h e r  a d d i t i o n s  c a u s e  a  m a r k e d  
i n c r e a s e  i n  v i s c o s i t y .
I n  t h e  c a s e  o f  h a e m o l y s i s  b y  c o m p l e m e n t  a n d  
a m b o c e p t o r  a n  i n c r e a s e  o f  v i s c o s i t y  i s  sh o w n  t o  
o c c u r .
A b r i e f  c o n s i d e r a t i o n  o f  t h e  a p p l i c a b i l i t y  o f  
some o f  t h e  s u g g e s t e d  m a t h e m a t i c a l  f o r m u l a e  i s  
a d d e d .
8 4 .
R e g a r d i n g  t h e  b l o o d  a s  a  c o m p l e x  p h y s i c a l  s y s t e m  
i t  i s  q u i t e  i m p o s s i b l e  t o  f i n d  a n y  u n i v e r s a l l y  v a l i d  
e x p l a n a t i o n  f o r  i t s  p r o p e r t i e s  o f  v i s c o s i t y ,  a n d ,  w h i l e  
i t  i s  i m p o s s i b l e  t o  r e d u c e  t h e  e x p r e s s i o n  o f  t h i s  p r o ­
p e r t y  t o  a n y  o n e  g e n e r a l  m a t h e m a t i c a l  f o r m u l a ,  t h e  d i f ­
f i c u l t y  i n  d e a l i n g  w i t h  t h e  e n t i r e  s y s t e m  a r i s e s  f r o m  
t h e  f a c t  t h a t  t h e r e  a r e  p r e s e n t  m any  v a r i a b l e s ,  f e w  o f  
w h i c h  c a n  a l t e r  i n d e p e n d e n t l y  o f  t h e  o t h e r s ,  a n d  m o s t  
o f  w h i c h  i t  i s  i m p o s s i b l e  t o  m e a s u r e  w i t h  a n y  d e g r e e  
o f  a c c u r a c y .  e . g .  D e f i b r i n a t i o n  a l t e r s  t h e  v i s c o s i t y  
o f  t h e  p l a s m a  w i t h o u t  a l t e r i n g  t h e  c e l l s .  C h a n g e s  i n  
t h e  s h a p e  o f  t h e  c e l l s  a l t e r s  t h e  v i s c o s i t y  o f  t h e  
b l o o d  a s  a  w h o l e  b u t  d o e s  n o t  a f f e c t  t h a t  o f  t h e  p l a s m a
As s o o n  a s  we s p l i t  u p  t h e  p r o b l e m  o f  t h e  v i s c o s i t y  
o f  t h e  b l o o d  i n t o  t h e  p r o b l e m s  o f  i t s  v a r i o u s  c o m p o n e n t ^  
t h e  m a t t e r  s i m p l i f i e s  i t s e l f  i m m e d i a t e l y .  The  o n l y  
g e n e r a l  s t a t e m e n t  w h i c h  c a n  b e  m a d e ,  i s  t h a t  e v e r y  s u b ­
s t a n c e  o r  s t a t e  w h i c h  b r i n g s  a b o u t  a  r e s i s t a n c e  t o  
d e f o r m a t i o n  p l a y s  i t s  p a r t  i n  d e t e r m i n i n g  t h e  f i n a l  
v i s c o s i t y .  I f  we c o u l d  m e a s u r e  e a c h  o n e  o f  t h e s e  r e ­
s i s t a n c e s  i n  a b s o l u t e  t e r m s ,  t h e  v i s c o s i t y  o f  t h e  
e n t i r e  s y s t e m  w o u l d  b e  t h e  sum o f  t h e  w h o l e .  As i t  i s ,  
we c a n  o n l y  show  i n  a  v e r y  a p p r o x i m a t e  m a n n e r  t h e  e x t e n  
t o  w h i c h  e a c h  c o n s t i t u e n t  o f  t h e  b l o o d  i n f l u e n c e s  t h e  
v i s c o s i t y .
GENERAL SUMMARY.
T h e /
85.
The  p l a s m a  o r  s e r u m  p o s s e s s e s  a  v i s c o s i t y  s l i g h t l y  
g r e a t e r  t h a n  t h a t  o f  w a t e r ,  a n d  t h e r e f o r e  p l a y s  a  com­
p a r a t i v e l y  u n i m p o r t a n t  p a r t  i n  t h e  v i s c o s i t y  o f  t h e  
b l o o d .
S o  f a r  a s  t h e  s i m p l e  i n v e s t i g a t i o n  w h i c h  we h a v e  
c a r r i e d  o u t ,  s h o w s ,  t h e  r e s i s t a n c e  t o  d e f o r m a t i o n  
o f f e r e d  b y  t h e  r e d _ c e l l  e n v e l o p e s  i s  l i k e w i s e  s m a l l  
a n d  t h e s e  a l s o  i n f l u e n c e  t h e  t o t a l  v i s c o s i t y  v e r y  l i t t l e .  
The sum o f  t h e s e  tw o  e f f e c t s  h o w e v e r ,  w o u l d  a c c o u n t  f o r  
a  v i s c o s i t y  a b o u t  t w i c e  t h a t  o f  w a t e r .
By f a r  t h e  g r e a t e s t  c o n t r i b u t i o n  t o  t h e  t o t a l  
v i s c o s i t y  a p p e a r s  t o  b e  m ade  b y  t h e  c o r p u s c u l a r  c o n t e n t s ,  
w h i c h  a r e  v e r y  v i s c i d ,  t h e i r  v i s c o s i t y  b e i n g  n e a r l y  f i v q  
t i m e s  t h a t  o f  w a t e r .
The  p r o b l e m  o f  t h e  v i s c o s i t y  o f  t h e  b l o o d  i s  t h u s  
s i m i l a r  t o  t h e  p r o b l e m  o f  t h e  v i s c o s i t y  o f  o i l - d r o p l e t s  
i n  w a t e r ,  p r o v i d e d  t h a t  we i m a g i n e  t h e  o i l - d r o p l e t s  t o  
b e  s u r r o u n d e d  b y  d e l i c a t e  e n v e l o p e s  o f  some s u b s t a n c e  
s u c h  a s  s o a p .  I n  e a c h  c a s e  t h e  v i s c o s i t y  i s  d e p e n d e n t  
o n  t h e  v i s c o s i t y  o f  t h e  d i s p e r s e  p h a s e ;  t h e  o i l ,  o r  t h e  
c o r p u s c u l a r  c o n t e n t s ,  a s  t h e  c a s e  may b e .
T h i s  b e i n g  t h e  c a s e ,  t h e  q u a n t i t y  o f  t h e  d i s p e r s e  
p h a s e  m u s t  p l a y  a  v e r y  u n i m p o r t a n t  p a r t .  I t  i s  t o  b e  
n o t e d  t h a t  t h e  v o l u m e  o f  t h e  d i s p e r s e  p h a s e ,  ( c e l l s ) ,  
c a n  b e  i n c r e a s e d  i n  tw o  w a y s ,
( a ) /
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( a )  "by i n c r e a s i n g  t h e  n u m b e r  o f  c e l l s  p e r  
c u .  mm. o f  b l o o d .
( b )  b y  d e c r e a s i n g  t h e  a m o u n t  o f  w a t e r  i n  
t h e  p l a s m a .
I t  i s  b y  o n e  o f  t h e s e  tw o  m e t h o d s  t h a t  t h e  v i s ­
c o s i t y  o f  t h e  w h o l e  b l o o d  a p p e a r s  t o  b e  a f f e c t e d  u n d e r  
p h y s i o l o g i c a l  c o n d i t i o n s .
I n  c o n n e c t i o n  w i t h  t h e  i m p o r t a n c e  o f  t h e  n u m b e r  o f  
c e l l s  we may r e c a l l  t h e  r e s u l t s  o b t a i n e d  b y  B u r t o n _ O p i t z  
o n  m e a s u r i n g  t h e  v i s c o s i t y  o f  t h e  b l o o d  o f  a n  a n i m a l  
r e n d e r e d  a n a e m i c  b y  m e a n s  o f  P h e n y l  H y d r a z i n e  a n d  t h e  
i n c r e a s e  o f  v i s c o s i t y  o b s e r v e d  b y  many  i n v e s t i g a t o r s  
a f t e r  a s p h y x i a .
The  f i r s t  o f  t h e s e  r e s u l t s  i s  e x p l a i n e d  b y  t h e  
m uch  l o w e r  r e d - c e l l  c o n t e n t  g i v i n g  r i s e  t o  a  d e c r e a s e d  
v i s c o s i t y  j u s t  a s  t h e  v i s c o s i t y  i s  i n c r e a s e d  w h e n  t h e  
b l o o d  i s  d i l u t e d  w i t h  n o r m a l  s a l i n e . T h i s  e x p l a n a t i o n  
i s  e v e n  m o r e  c l e a r l y  a p p l i c a b l e  t o  B u r t o n - O p i t z ?s 
e x p e r i m e n t s  o n  a n a e m i a  p r o d u c e d  b y  h a e m o r r h a g e .
T h e  e f f e c t  o f  0 0 o o n  t h e  v i s c o s i t y  o f  t h e  b l o o d  a p p e a r s  
p r i n c i p a l l y  d u e  t o  t h e  f a c t  t h a t  i n  v i v o  t h e  r e d _ c e l l  
n u m b e r s  i n c r e a s e ;  t h e  e f f e c t  i s  a b s e n t  i n  v i t r o ,  f o r  
n o  s u c h  i n c r e a s e  i s  p o s s i b l e .
I n  a d d i t i o n  t o  t h i s  i n c r e a s e  i n  t h e  n u m b e r  o f  c e l l s  
t h e  a d d i t i o n  o f  OOg t o  t h e  b l o o d ,  i n  v i v o  b r i n g s  a b o u t  
a  r e d i s t r i b u t i o n  o f  t h e  w a t e r : -
( a ) /
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0>)  b e t w e e n  t h e  p l a s m a  a n d  t i s s u e  f l u i d s .
T h e s e  r e d i s t r i b u t i o n s  d o u b t l e s s  a f f e c t  t h e  p r o b l e m ,  
a s  a l s o  may t h e  p o s s i b l e  e f f e c t  o f  l a r g e  q u a n t i t i e s  o f  
CO o n  t h e  v i s c o s i t y  o f  t h e  c o r p u s c u l a r  c o n t e n t s .(Zi
A m o s t  i n t e r e s t i n g  p i e c e  o f  e v i d e n c e  i n  c o n n e c t i o n  
w i t h  t h i s ,  i s  t h e  f a c t  o b s e r v e d  b y  B u r t o n - O p i t z ^  t h a t  
v e n o u s  b l o o d ,  a l t h o u g h  c o n t a i n i n g  c o n s i d e r a b l y  m o re  
C 0? t h a n  a r t e r i a l  b l o o d ,  h a s  a n  a l m o s t  i d e n t i c a l  v i s ­
c o s i t y .  T h i s  b e a r s  o u t  t h e  s u g g e s t i o n  t h a t  t h e  i n ­
c r e a s e  o f  v i s c o s i t y  o b t a i n e d  i n  v i v o  b y  t h e  a d m i n i s t r a ­
t i o n  o f  0 0 g  i s  n o t  d u e  t o  t h e  e f f e c t  o f  t h e  C 0p o n  t h e  
v o l u m e  o f  t h e  c e l l ,  o n  t h e  v i s c o s i t y  o f  t h e  c o n t e n t s ,  
o r  o n  t h e  v i s c o s i t y  o f  t h e  p l a s m a .  T h e  o n l y  r e m a i n i n g  
f a c t o r  i s  t h e  n u m b e r  o f  c e l l s .
C h a n g e s  i n  t h e  w a t e r - c o n t e n t  o f  t h e  b l o o d ,  i . e .  
t h e  v i s c o s i t y  o f  t h e  p l a s m a  o c c u r  e v e n  m o r e  f r e q u e n t l yI
i n  v i v o .  B u r t o n _ O p i t z  f o u n d  t h a t  t h e  i n j e c t i o n  o f  w a t e r  
g r e a t l y  d e c r e a s e s  t h e  v i s c o s i t y  a s  m i g h t  b e  e x p e c t e d ,  
a n d  i n  g e n e r a l  t h a t  t h e  v i s c o s i t y  o f  t h e  b l o o d  i n c r e a s e s  
w i t h  a n  i n c r e a s e  o f  s p e c i f i c  g r a v i t y .  As a n  e x a m p l e  
o f  t h i s  f a c t  we c a n  r e c a l l  h i s  e x p e r i m e n t s  w i t h  h o t  a n d  
c o l d  w a t e r  b a t h s  a n d  t h e  r a t h e r  u n e x p e c t e d  r e s u l t ,  t h a t  
h o t - a i r  b a t h s  r e n d e r  t h e  b l o o d  m o r e  v i s c o u s ,  w h e r e a s  
h o t _ w a t e r  b a t h s  r e n d e r  i t  l e s s  v i s c o u s .  T h e  e x p l a n a ­
t i o n  o f  t h i s  i n  t e r m s  o f  t h e  w a t e r  c o n t e n t  i s  s i m p l e ,  
f o r  h o t - a i r  b a t h s  a r e  know n  t o  c o n c e n t r a t e  t h e  p l a s m a  
b e c a u s e  /
(a) between the plasma and cells
8 8 .
b e c a u s e  o f  t h e  l o s s  o f  w a t e r  f r o m  t h e  s k i n ,  w h e r e a s  h o t . .  
w a t e r  b a t h s  do  n o t  e x e r c i s e  t h i s  e f f e c t .
F i n a l l y  we may c o n s i d e r  t h e  e f f e c t  t o  w h i c h  e s t i m a ­
t i o n s  o f  t h e  V i s c o s i t y  o f  t h e  b l o o d  may b e  h e l d  t o  b e  
o f  p h y s i o l o g i c a l  o r  c l i n i c a l  i m p o r t a n c e .  A l l  o b s e r v e r s  
a r e  a g r e e d  ( s e e  e s p e c i a l l y  M u r r a y - L y o n  a n d  A l b u t t )  
t h a t  t h e r e  i s  n o  c o n d i t i o n  i n  w h i c h  a n  e s t i m a t i o n  o f  
b l o o d _ v i s c o s i t y  h a s  b e e n  f o u n d  t o  b e  o f  v a l u e  i n  
d i a g n o s i s ,  p r o g n o s i s ,  o r  t r e a t m e n t .  The  p r i n c i p a l  
r e a s o n  f o r  t h i s  i s  t h e  f a c t  t h a t  t h e  v i s c o s i t y  o f  t h e  
b l o o d ,  u n l e s s  i t  v a r i e d  o u t s i d e  v e r y  w i d e  l i m i t s ,  c a n n o  
h a v e  a n y  i m p o r t a n t  e f f e c t  o n  t h e  o r g a n i s m  a s  a  w h o l e ,  
f o r  s u c h  v a r i a t i o n s  a r e  i m m e d i a t e l y  c o m p e n s a t e d  f o r ,  
b y  a  m e c h a n i s m  w h i c h  c a n  r e a d i l y  u n d e r g o  c h a n g e s  t o  a  
f a r  g r e a t e r  e x t e n t  t h a n  c a n  t h e  v i s c o s i t y .
The  w o r k  d o n e  b y  t h e  h e a r t  i n  m o v i n g  t h e  b l o o d
r o u n d  t h e  v e s s e l s  i s ,
v y  =  p . n -
w h e r e  P  i s  t h e  m e an  p r e s s u r e  i n  
t h e  a r t e r i o l e s  a n d  M  i s  t h e  m a s s  o f  b l o o d  e x p e l l e d  i n
t h e  t i m e  o v e r  w h i c h  t h e  w o r k  i s  m e a s u r e d .
T h i s  m a s s  i s  d e p e n d e n t  u p o n  , t h e  d e n s i t y  o f  t h e  
b l o o d ,  t h e  r a t e  o f  t h e  h e a r t  b e a t  a n d  O  t h e
v e n t r i c u l a r  o u t p u t .  T he  p r e s s u r e  d e v e l o p e d  i n  t h e  
a r t e r i e s  i s  a  m e a s u r e  o f  t h e  p e r i p h e r a l  r e s i s t a n c e  t o  
o u t f l o w  a n d  t h i s  d e p e n d s  u p o n  t h e  m e an  c a p i l l a r y  d i a m ­
e t e r /
d i a m e t e r  a n d  t h e  v i s c o s i t y  o f  t h e  b l o o d ,  a s  w e l l  a s ,  
o f  c o u r s e ,  o n  t h e  f o r c e  e x e r t e d  b y  t h e  h e a r t .
: S o  we h a v e
W  = u n )  = 5 - ( p , r  , o )
I|
a n d  a l s o
^  r P )  =
T h i s  w i l l  g i v e  some i d e a  o f  t h e  c o m p l e x i t y  w h i c h  
o c c u r s  a n d  w h i c h  i s  a d d e d  t o ,  b y  t h e  f a c t s  t h a t  b y  
S t a r l i n g ’ s  l a w  o f  t h e  h e a r t
R  - 5 ( o )
a n d  b y  B u r t o n _ O p i t z ' s  o b s e r v a t i o n s
The  r e s u l t  o f  a l l  t h i s  i n t e r d e p e n d e n c e  o f  t h e  
v a r i o u s  f a c t o r s ,  i s  t h a t  we c a n  c o m p e n s a t e  f o r  a n y  
a l t e r a t i o n  i n  syj i n  s e v e r a l  w a y s ,  some o f  w h i c h  m u s t  
b e  c o n t i n u a l l y  c a l l e d  i n t o  p l a y  i n  t h e  l i v i n g  a n i m a l .
E . g .  S h o u l d  t h e  v i s c o s i t y  o f  t h e  b l o o d  r i s e  10$ 
we w i l l  g e t  o n e  o f  t h e  f o l l o w i n g  r e s u l t s .
( a )  A d i m i n u t i o n  o f  p r e s s u r e  i f  w  a n d  cL r e ­
m a i n  c o n s t a n t .
An i n c r e a s e  i n  t h e  c a p i l l a r y  d i a m e t e r  oL  
i f  t h e  p r e s s u r e  P  a n d  t h e  w o r k  o f  t h e  h e a r t  w  a r e  
t o  b e  c o n s t a n t .
( 0 ) /
89.
90.
( c )  An i n c r e a s e  i n  W ,  t h e  w o r k  o f  t h e  h e a r t ,
i f  P  a n d  cL a r e  t o  b e  c o n s t a n t .
Any s l i g h t  c h a n g e  o f  v i s c o s i t y  c a n  t h e r e f o r e  b e  
i m m e d i a t e l y  c o m p e n s a t e d  f o r  i n  s e v e r a l  w a y s .
An e x c e l l e n t  e x a m p l e  o f  t h i s  i s  s h o w n  i n  t h e  
s e q u e n c e  o f  e v e n t s  a f t e r  h a e m o r r h a g e .  The  b l o o d - v o l u m e  
i s  r a p i d l y  made u p  b y  p a s s a g e  o f  f l u i d  f r o m  t h e  t i s s u e s  
a n d  ^  f a l l s .  I f  t h e  a r t e r i o l e s  a r e  u n a l t e r e d  i n  
d i a m e t e r  P  t h e  p r e s s u r e ,  f a l l s  t o  t h e  same p e r c e n t a g e  
e x t e n t ,  b u t  i n  f a c t  (M cD ow a l l  1 9 2 7 )  a  v a s o - c o n s t r i c t i o n  
t a k e s  p l a c e ,  P  i s  r e s t o r e d  t o  n o r m a l ,  a n d  t h e  w o r k  o f  
t h e  h e a r t  r e m a i n s  t h e  s a m e .  T h e  d i m i n u t i o n  i n  v i s c o s i t  
h a s  t h e r e f o r e  n o  e f f e c t  i n  l e s s e n i n g  t h e  w o r k  d o n e  
a l t h o u g h  i t  w o u l d  h a v e  h a d  s u c h  a n  e f f e c t ,  i f  t h e  com­
p e n s a t i n g  v a s o _ c o n s t r i c t i o n  h a d  n o t  i n t e r v e n e d .
I t  w i l l  b e  s e e n  f r o m  t h e  a b o v e ,  t h a t ,  u n l e s s  we 
c a n  a c c u r a t e l y  d e t e r m i n e  t h e  m e a n  d i a m e t e r  o f  t h e
c a p i l l a r i e s ,  we m u s t  e n t i r e l y  i g n o r e  m e a s u r e m e n t s  o f  
b l o o d  v i s c o s i t y  i n  v i v o  a n d  b e  g u i d e d  b y  t h e  b l o o d -  
p r e s s u r e
A l t h o u g h  t h e  p r o b l e m  o f  t h e  v i s c o s i t y  o f  t h e  b l o o d  
i s  i n t e r e s t i n g  f r o m  a  p h y s i c a l  p o i n t  o f  v i e w ,  i t  i s  
n e c e s s a r i l y  o n e  w h i c h  c a n  h a v e  v e r y  l i t t l e  i n t e r e s t  
w h e n  c o n s i d e r e d  f r o m  t h e  p o i n t  o f  v i e w  o f  t h e  i n t a c t  
a n i m a l ,  f o r  i t s  e f f e c t s  a r e  m u c h  t o o  d e p e n d e n t  on  t h e  
p r e s s u r e  o r  a b s e n c e  o f  o t h e r  c o m p e n s a t i n g  e f f e c t s  w h i c h  
a r e  know n  t o  o c c u r  w i t h  g r e a t e s t  r e a d i n e s s .
9 1 .
I n d e e d ,  a n y  a t t e m p t  t o  a s c e r t a i n  t h e  i m p o r t a n c e  
o f  t h e  v i s c o s i t y  o f  t h e  b l o o d  i n  t h e  i n t a c t  a n i m a l  i s  
© s a c t l y  a n a l o g o u s  t o  t h e  d e t e r m i n a t i o n  o f  t h e  v i s c o s i t y  
o f  a n  u n k n o w n  f l u i d  d r i v e n  b y  a n  u n k n o w n  a n d  v a r i a b l e  
f o r c e ,  t h r o u g h  a  c a p i l l a r y  o f  u n k n o w n  a n d  v a r i a b l e  
b o r e .
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A l b u t t  g i v e s  a  r e v i e w  o f  t h e  l i t e r a t u r e  u p  t o
9 4 .
1 9 1 0 .
